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Abstract
This thesis describes major findings on the shape transformation of the precursor silver
decahedral nanoparticles (AgDeNPs) with pentagonal symmetry and twin defects into silver
pentagonal prism nanoparticles (AgPPNPs) using Br¯ as a shape selective reagent. Silicaencapsulation of the gold-plated AgDeNPs was also carried out forming ordered arrays of
silica encapsulated gold-plated AgDeNPs (SiO2@Au@AgDeNPs) of different sizes.
At first, synthetic procedures for AgDeNPs (pentagonal bipyramids), silver pentagonal rod
nanoparticles (AgPRNPs) and gold-plating of AgDeNPs (Au@AgDeNPs) were optimized.
Gold plating enhances the chemical stability of AgDeNPs and preserves the superior
plasmonic properties of silver.
This thesis deals with the transformation of the precursor AgDeNPs into silver pentagonal
prism nanoparticles (AgPPNPs) using Br¯ as a shape selective reagent. The degree of
truncation was monitored by transverse LSPR plasmon band position shift with varying
Ag/Br molar ratio. Length control was addressed from 50 nm to 128 nm by varying the
amount of added silver. Colloidal synthesis of the silica encapsulation of the gold-plated
AgDeNPs was also done forming SiO2@Au@AgDeNPs of different diameters. Silica coating
was developed using the modified Stӧber process. SiO2@Au@AgDeNP of different
size/diameter was prepared and studied. SiO2@Au@AgDeNPs of different diameters were
obtained that ranged from 45 nm up to 310 nm.
Overall, this thesis work on AgPPNPs should be useful for the applications on localized
surface plasmon resonance (LSPR), based on the biological and chemical sensing devices.
SiO2@Au@AgDeNPs of different thicknesses provides an opportunity for the size-dependent
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plasmonic properties that include metallodielectric arrays for photonic applications, LSPR
sensing, and SERS.
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Introduction
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1.1 Introduction
In today's world, nanoscience has become one of the most versatile, promising, and
motivating fields of science. Development of nanostructured materials has driven great
interest in the design of structures with new and unique properties.1.1 Nanochemistry is a
nanoscience-related to the synthesis and self-assembly of building blocks of nanomaterials.
Nanochemistry deals with chemical reactions at the nanoscale level.1.2 Nanochemistry
provides surface functionalization of nanostructures and increases solubility in the wide range
of solutions.1.2 Controllably tailoring nanomaterial parameters, such as surface, size, shape,
and defects can yield functional properties that can be leveraged into prospective
applications.1 .3
A fundamental understanding of the chemistry of the nanomaterials is essential for the
synthesis and characterization of the nanoparticle building blocks. Nanomaterials have
unique advantages compared to their bulk counterpart in terms of their physical properties
and chemical properties.1.4 Nanomaterials with small dimensions possess greater surface area
as compared to the volume that increases their chemical reactivity, a large number of surface
atoms and higher surface energy compared to their bulk counterparts.1.4,1.5 A significant
portion of the surface atoms of the nanomaterials are exposed to the environment (air, water
etc..), so, some of these atoms may become oxidised, hydroxylated or modified.1.5 The
quantum effects also play an important role at the nano-level for the nanomaterials compared
to bulk materials leading to the unique optical, electrical and magnetic properties of
nanostructures.1.4

Symmetry breaking synthesis, etching-induced growth, wet-chemical

methods, reducing agents, dispersing agent, change in temperature, time can be employed to
control shapes and sizes of nanomaterials for prospective applications, including electronic
devices, optical sensing, catalysis, fuel cells, chemical sensing etc.1.6,1.7,1.8,1.9 Engineering of
the nanoscale building blocks and tailoring surface properties of the nanoparticles and
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functionalization of the surface for the synthesis of the nanocomposite materials is
accomplished to improve physical and chemical properties.1.10
One of the commonly employed nanomaterials for synthesis are the metal nanoparticles
(MNPs). MNPs have attracted scientific attention due to their catalytic, electronic, magnetic
and optical properties.1.11 A high quality synthesis of nanoparticles (NPs) must, first of all,
provide control over the size of NPs and must have a target of a single NP size on the
mind.1.12 To generate a monodisperse NP size, the growth step must be slower after the fastinitial step of the generation of the seed.1.12 After the formation of the desired optimal size,
the NPs must be stabilized by the dispersing agent.1.12 The properties of the NPs depend on
their size and by varying the size of the NPs that are tunable.1.12 MNPs are the nanoparticles
with at least one dimension ranging from 1 nm to 100 nm.1.13 MNPs can efficiently absorb
and scatter light due to oscillation of free electrons present on their surface that give rise to
the plasmonic properties (properties arising due to excitation and oscillation of the free
electrons that are present on the surface of the plasmonic MNPs when coupled with the
electromagnetic wave can oscillate electrons as an electron cloud giving rise to plasmonic
properties). The oscillation of the electrons at the surface of MNPs is strongly dependent on
the shape, size, symmetry and dielectric constant of the medium.1.14 The synthetic work on
various shapes and sizes and assemblies of the MNPs has demonstrated the importance of
each of these parameters to tailor the resulting plasmonic characteristics of these
nanoparticles. LSPR is a plasmonic property that arises when the light is absorbed by MNPs
and that depends on their shape and size. Changing the morphology of the nanoparticles
allows tuning of the LSPR wavelength into the NIR (near infra red region), making them
possible to use as a sensor in the biological window.1.15 LSPR technique can be used to
evaluate biological interactions on the surface in a label free manner. LSPR can be used for
biosensing by measuring the change in the binding events of the biomolecules with the
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MNPs. The result is the change in the local refractive index and a colour change in the
nanoparticles solution that leads to change in an LSPR peak position shift. LSPR can be used
to make an extremely sensitive measurement of biomolecular interactions with potential
applications in the analytical and biomedical field.1.16 The combination of the plasmonic
properties i.e., LSPR (localized surface plasmon resonance) of the noble MNPs with ELISA
(enzyme-linked immunosorbent assay) is a powerful approach.1.17,1.18. A slight change in the
interparticle distance can be easily detected by the well-defined colour change affording easy
visualization.1.17,1.18 For the current challenges and future prospective applications, the
development of such sensitive and convenient assays are of high importance and
demand.1.17,1.18
Colloidal chemistry is a simple method of synthesis that helps us to manipulate various
parameters to construct the desired nanoscale morphologies.1.18 Colloidal chemical synthesis
is used to fabricate differently sized and shaped nanoparticles that include one-dimensional
elongated nanostructures. 1-D elongated nanostructures (e.g. nanowires, nanorods, nanobars
and nanorice) were synthesized in colloidal solution by using a suitable precursor
nanoparticle in a selected solvent and in the presence of a suitable capping agent or shape
selective reagent. Such nanostructures can provide promising applications in nanoscale
devices.1.19,1.20,1.21,1.22
In addition, suitable precursor core-metal nanoparticles with preserved plasmonic properties
can be used to build ordered core/shell nanocomposites.1.23 Colloidal silica synthesis is one
of the most popular methods for introducing silica as a surface functionality to core-metal
nanoparticles. Colloidal synthesis of precursor silica spheres is achievable through the
hydrolysis of a suitable silica precursor in basic aqueous solution. An important factor in the
colloidal silica formation is the pH dependence of the rate of hydrolysis/condensation of the
silica precursor.1.24 Silica particles can be produced by the acid or base hydrolysis of the silica
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precursor. The Stӧber’s process is one of the commonly used procedures that involves the
water/alcohol solution catalyzed by ammonia.1.24 Silica-coated colloids are synthesized
mostly by using the modified Stӧber’s process that uses either direct silica coating of
precursor core-metal nanoparticles or indirect method that uses a step-wise technique to grow
silica shell layer on the core metal nanoparticles with precise control of shell thickness.
Generally, silica particle size/diameter can be tuned by varying the amount of the precursor,
the concentration of the ammonia, and the reaction time.1.25,1.26 One of the key factors in these
core-shell nanostructures is the ability to produce a silica shell with controlled thickness and
morphology. Controlling thickness is useful for the formation of the metallodielectric arrays
that serves as building blocks for the photonic devices. Other potential applications include
chemical and biological sensing.
The main work of this thesis focuses on the synthesis of the silver pentagonal prism
nanoparticles (AgPPNPs), as an example of the 1-D elongated NPs with possible applications
involving tunable LSPR (localized surface plasmon resonance) for chemical and biological
sensing devices. The other work of this thesis includes the silica encapsulation of the 10 at. %
gold-plated AgDeNPs (silver decahedral nanoparticles) to form SiO2@Au@AgDeNPs
(silica-encapsulated gold plated silver decahedral nanoparticles). The initial work of this
thesis provides an overview of the previous and present work on AgDeNPs, AgPRNPs (silver
pentagonal rods nanoparticles) and gold

plated silver decahedral nanoparticles

(Au@AgDeNPs), with an emphasis on the optimization and refinement performed to
complete both AgPPNPs and SiO2@Au@AgDeNPs.
Chapter 2 describes optimization and refinement of the previous and present work on
AgDeNPs, AgPRNPs, and Au@AgDeNPs.1.27,1.28,1.29 AgDeNP seeds are used as the starting
material in the synthesis of AgPPNPs (Chapter 3). The quality of the AgDeNPs is crucial for
the success of this project. The AgDeNP undergoes anisotropic 1-D growth resulting in the
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formation of AgPRNPs bound with five (100) facets and ten (111) facets.1.28 Length of the
AgPRNPs can be controlled by varying the percentage of added silver.1.30 The 10 at. % goldplated AgDeNPs were synthesized to enhance chemical stability of AgDeNPs and to preserve
the superior plasmonic properties of the AgDeNPs. The 10 at. % gold-plated AgDeNPs is
used as a precursor for the silica encapsulation project discussed in Chapter 4.1.29
Chapter 3 describes the synthetic protocol for the synthesis of high quality, monodisperse
silver pentagonal prism nanoparticles (AgPPNPs). The process of synthesis involves the
shape controlled the transformation of AgDeNPs into AgPPNPs using Br¯ as a shape
selective reagent. Optimal Br¯ concentration completely transforms ten (111) facets of
AgDeNPs into seven (100) bound AgPPNPs.

Fig 1-1. Schematic illustration of the shape transformation of AgDeNPs into AgPPNPs using
bromide ion as a capping agent.
Fig 1-1 shows the schematic illustration of the synthesis of AgPPNPs using Br¯ as a shape
selective reagent that is discussed in detail. Transverse LSPR peak position shift helps to
monitor the different degree of truncation. Longitudinal LSPR peak position shift can be
achieved by varying the amount of added Ag. The newly synthesized AgPPNPs morphology
should provide possible applications for LSPR based optical sensing devices.
6

The research work in Chapter 4 describes the silica-encapsulated gold plated silver
decahedral nanoparticles (SiO2@Au@AgDeNPs) for the silica shell of different thickness.
The schematic illustration of the synthesis of SiO2@Au@AgDeNPs is shown in Fig 1-2. The
size/diameter of the SiO2@Au@AgDeNPs was tuned from 45 nm to 310 nm. Control of the
thickness was achieved by varying the amount of the tetraethylorthosilicate (TEOS) in the
presence of polyvinylpyrrolidone (PVP), which acts as a colloidal stabilizer and NH3 is used
as a base catalyst. The aggregation of the 10 at. % gold-plated AgDeNPs was minimized.

Fig. 1-2. Schematic illustration of the SiO2@Au@AgDeNPs of different sizes.
Silica encapsulation is useful for the formation of metallodielectric 3-D nanocomposites
arrays with enhanced sensing abilities. The silica encapsulation procedure presented here still
requires optimization and more study is needed.
Chapter 5 concludes this thesis with the achievements and prospective applications along
with the future work.
The goal of this thesis is the synthesis of the AgPPNPs using Br¯ as a shape selective reagent
and the synthesis of the silica shell (SiO2@Au@AgDeNPs) of different sizes. Of these two,
AgPPNPs should be useful for applications in LSPR based biological and chemical sensing
devices. Silica shell (SiO2@Au@AgDeNPs) with tunable diameter should provide a broader
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scope for the formation of metallodielectric arrays which are important for photonic and
sensing applications.
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Chapter 2
Optimization and refining of the synthesis of the AgDeNPs, the 10
at. % gold-plated AgDeNPs, AgPRNPs and related works as an
important background for the success of the assigned project
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2.1 Introduction
The initial work of this thesis is on the synthesis of the uniform shaped and sized
monodisperse AgDeNPs (pentagonal bipyramids, J13 solid) and related works. AgDeNP
synthesis must be of the highest quality for the subsequent projects to be successful.
AgDeNPs are the key nanoparticles and the preparation of the stable AgDeNP with strong
LSPR properties is essential for its prospective applications. AgDeNP morphology is a stable
morphology that was used previously in several projects as a precursor for various shapeselective synthesis. The synthesis of AgDeNPs was adapted using the procedure developed
previously in the laboratory.2.1 The gold plating of the AgDeNPs was reported by depositing
a layer of gold that helps in protecting the plasmonic properties of the AgDeNPs.2.2 PVP is
used as a colloidal stabilizer during the synthesis of AgDeNPs.2.3 The synthesis of AgPRNPs
were adapted using the procedure developed in our laboratory where AgDeNPs were used as
precursors.2.4 Overall, this chapter describes the optimization and refining of the previous
work done in the laboratory i.e., synthesis of AgDeNPs, the 10 at. % gold-plating of the
AgDeNPs and the synthesis of silver pentagonal rod nanoparticles (AgPRNPs). It also
includes the stability test of gold-plated AgDeNPs using NH3, H2O2, ascorbic acid, synthesis
of AgDeNPs using NaF, synthesis of AgDeNPs using PSS, and regrowth of AgDeNPs using
KCl, KBr, and KI.

2.2 New generation synthesis of the silver decahedral nanoparticles (AgDeNPs)
The synthesis of AgDeNPs begins with the reduction of Ag+ to Ag by NaBH4 to generate
primary precursor AgNPs (mainly platelets). Sodium citrate tribasic dihydrate serves as a
charge stabilizer and PVP as a steric stabilizer or colloidal stabilizer.2.2,2.3 Arginine is used as
a photochemical promoter to prevent the growth of silver platelets in the system.2.2 The
present synthetic procedure introduces oxidative etching by H2O2 that provides an important
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step to assist in the formation of stable AgDeNP morphology and to achieve complete
conversion of the precursor AgNPs (which are predominantly platelets) into AgDeNPs.

2.2.1 Reagents
Silver nitrate (99%), sodium citrate tribasic dihydrate (99.5%), sodium borohydride (99%),
hydrogen peroxide with the potassium stannate inhibitor 30–32 wt. % and poly
(vinylpyrrolidone) (PVP, Mw = 40,000) supplied by Caledon Chemicals (Caledon, Canada)
were used as received. High purity deionized water (< 18.2 MΩ cm) was produced using a
Millipore A10 Milli-Q. Royal blue LED (449 nm, 1 W).

2.2.2 Method of Preparation
To a 20.00 mL glass vial, 14.00 mL of high-purity deionized water (18.2 MΩ cm) was added
using a 1.00 mL to 10.00 mL pipette along with a magnetic stir bar. The stirring was set up at
400 rpm. The following solutions were then added in the listed order: 0.520 mL of 0.05 M
sodium citrate, 0.015 mL of 0.05 M PVP (total concentration of monomer units), 0.050 mL of
0.005 M, L-Arginine, 0.400 mL of 0.005 M silver nitrate, and freshly prepared 0.200 mL of
0.10 M sodium borohydride. A pale-yellow solution was formed initially, that turned to
bright yellow coloured solution upon continuous stirring. Subsequently, 0.300 mL of 10.4 M
hydrogen peroxide was added and the solution was kept stirring for 10 minutes. The solution
turned orange from the yellow color upon the addition of hydrogen peroxide as hydrogen
peroxide was converted into oxygen and water on Ag surface causing the formation of large
enough AgNPs that became orange in colour with the evolution of bubbles. Subsequently,
glass vials containing the orange solution were covered with aluminum foil and were exposed
under the royal blue 449 nm LED (449 nm. 1 W) for 14 hours. The resulting AgDeNPs were
of excellent quality (assessed by the transmission peak value of about 1.4 and the
value at 475 nm ± 2 nm).
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max

peak

2.2.3 Characterization of the silver decahedral nanoparticles (AgDeNPs)
AgDeNPs were characterized by UV-Vis spectroscopy and using electron microscopy
images. VWR clinical 100 centrifuge and Thermo Scientific Sorvall Legend 21 Micro
Centrifuge were used for preparing sample of the concentrated AgDeNPs, Au@AgDeNPs
and AgPRNPs that were dried on a grid for EM imaging. Electron Microscope (EM), both the
transmission electron microscope (TEM) and the scanning electron microscope (SEM)
imaging was performed by using Hitachi S-5200.

Figure 2-1. (a) UV-Vis spectra of the AgDeNPs. (b) Inset: an optical image representing the
corresponding sample vial of AgDeNPs. (c) TEM image of AgDeNPs. Scale bar for the
image is 100 nm.
Figure 2-1 (a) shows the UV-Vis spectra of the AgDeNPs produced in the laboratory. Figure
2-1 (b) shows the optical image of the AgDeNPs. Figure 2-1 (c) shows the TEM image of the
AgDeNPs. The AgDeNPs were of very high quality. The quality of the AgDeNPs were
assessed by the intensity of the transmission peak value of 1.4 and the
nm ± 2 nm) that was the characteristic

max

max peak

value at (475

peak value for AgDeNP. AgDeNPs of excellent
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quality with

max peak

value shift at (475 nm ± 2 nm) were produced consistently. Figure 2-2

shows the UV-Vis spectra of the time variation of the peroxide addition during the AgDeNP
synthesis. The range of

max

peak position shift was observed between (475 nm ± 2 nm) to

(470 nm ± 2 nm) by varying the time of the addition of peroxide. The best

max peak

value for

AgDeNP morphology was observed at (475 nm ± 2 nm) prepared with peroxide added right
away (typically, peroxide added within 1 minutes after the solution turned orange during
AgDeNP synthesis).

Figure 2-2. (a) UV-Vis spectra of AgDeNPs to monitor the

max

peak position shift by

varying H2O2 added at different time intervals during preparation of AgDeNPs. (b) Zoomed
in figure of the UV-Vis spectra of AgDeNPs to monitor the

max

peak position shift by

varying H2O2 addition, during preparation of AgDeNPs (1) after 10 min, (2) after 30 min, (3)
after 15 min, (4) after 20 min, (5) after 5 min, and (6) right away.
The peak position

max

shift value after 5 minutes of peroxide addition was also observed at

(475 nm ± 2 nm). The general trend of the blue shift was observed for the
shift by increasing the time of peroxide addition. The resulting slight

max

max

peak position shift

variation was due to the etching caused by hydrogen peroxide on AgDeNPs.
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peak position

2.2.4 Synthesis of the silver decahedral nanoparticles (AgDeNPs) by varying the amount
of PVP
AgDeNP synthesis was also done using variable amount of PVP. Figure 2-3 shows the UVVis spectra of AgDeNP synthesis using variable amount of PVP.

Figure 2-3. UV-Vis spectra of synthesis of AgDeNPs varying the concentration of PVP
(decreasing molar concentration of PVP to the molar concentration of the PVP used in
original preparation).
The original PVP concentration used was 0.048 mM (expressed in monomer units) in the
synthesis of the AgDeNPs.2.1 The

max

peak position intensity dropped and

max

value of the

peak position red shifted gradually on decreasing the concentration of the PVP than that used
in the original preparation. The

max

peak position intensity drop and the red shift of the peak

position were due to the formation of polydisperse large AgDeNP morphology with
deteriorated facets. The maximum drop in the

max

peak intensity was observed when using

( 6) of the original PVP amount and minimum drop in the

max

peak intensity was observed

for ( ) of the original amount of PVP. The variation observed were due to the instability of
4
the AgNPs in the colloidal solution during the experiment as PVP provides colloidal
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stability2.3 during the AgDeNP synthesis. Instead of forming normal AgDeNPs, platelets and
large AgDeNPs were formed with the gradual decreasing of the PVP concentration from the
original amount.
2.2.5 Synthesis of the silver decahedral nanoparticles (AgDeNPs) by varying the amount
of PSS
PSS was used instead of PVP during the AgDeNP synthesis. The procedure for the AgDeNP
synthesis and the concentration of PSS used remained the same as that used for PVP.

Figure 2-4. (a) UV-Vis spectra of the AgDeNPs using PSS (0.048 mM expressed in monomer
unit). (b) TEM image of AgDeNPs using PSS and (c) SEM image of AgDeNPs prepared
using PSS. Scale bar for both images is 100 nm.
Figure 2-4 (a) shows the UV-Vis spectra of the AgDeNPs and (b) and (c) shows the EM
images of the AgDeNPs using PSS (cleaned). PSS was cleaned before being used to remove
any impurities present, e.g., halides. The PSS cleaning was done by using isopropanol along
with deionized water. A certain amount (~200 mg) of PSS was massed and dissolved in
deionized water (~1.00 mL) and isopropanol (~5.00 mL) was added and centrifuged @5500
rpm for 25 minutes. Then, the supernatant was removed carefully, leaving behind the PSS
that was dried inside the oven. The process was repeated 2-3 times to remove the impurities,
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particularly halides present in PSS. AgDeNP synthesized using PSS were of excellent quality,
except that the

max

peak position was blue-shifted by (5 nm ± 2 nm) as compared to

AgDeNP synthesized using PVP. PVP is a neutral polymer whereas PSS is a charged
polyelectrolyte and they both act as a steric stabilizer.2.3
2.2.6 Synthesis of the silver decahedral nanoparticles (AgDeNPs) by varying amount of
ascorbic acid
The etching effect of the ascorbic acid was observed when used in the synthesis of AgDeNPs.

Figure 2-5. (a) UV-Vis spectra of AgDeNP prepared with 0.048 mM ascorbic acid with
control AgDeNPs. (b) and (c). TEM image of AgDeNPs with 0.048 mM ascorbic acid. Scale
bar for (b) is 200 nm and (c) is 150 nm.
Ascorbic acid is a mild reducing agent and was not suitable for the synthesis of the
AgDeNPs. Figure 2-5 (a) shows the UV-Vis spectra of the AgDeNPs after the addition of the
ascorbic acid. The

max

a control. The

peak position value of the sample solution, when treated with 0.48 mM

max

peak position value at (475 nm ± 2 nm) of AgDeNP seeds was used as

ascorbic acid, was not observed as that of the normal AgDeNPs. Instead, a low-intensity with
flat peak position and the slightly red-shifted peak was observed. The result shows that
ascorbic acid is a mild reducing agent that produces acidic solutions and thus exert an adverse
19

effect on AgDeNPs. Figure 2-6 (a) and (b) shows the TEM image clearly indicating that the
particles are not completely AgDeNPs, but instead are a mix of platelets like particles and
AgDeNPs.
2.3 Synthesis of the 10 at. % gold-plated silver decahedral nanoparticles (10 at. goldplated AgDeNPs)
Uniform deposition of the gold on the surface of AgDeNPs was achieved by the controlled
slow addition using the syringe pump containing the gold solution (HAuCl4) on the
AgDeNPs present in the glass vials. The schematic illustration of the experimental setup for
the laboratory settings is shown in the supplementary information Figure SM-2 and Figure
SM-3.

Figure 2-6. (a) UV-Vis spectra of the 10 at. % gold-plated AgDeNPs, (b) Inset optical
image of corresponding sample vial of the 10 at. % gold-plated AgDeNPs. (c) A TEM image
of the 10 at. % gold-plated AgDeNPs. Scale bar for the image is 100 nm.
The Au plating was achieved by preserving the original SPR plasmonic properties of
AgDeNPs. The uniform deposition of the gold layer on the surface of the AgDeNPs protects
gold plated AgDeNPs from the corrosive experimental environment along with preserved
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SPR.2.2 The 5 at. %, the 10 at. %, the 15 at. % and the 20 at. % gold-plating of AgDeNPs
were also done (discussed later). The 10 at. % gold-plating of the AgDeNPs was adapted and
optimized that was found to be stable under different corrosive experimental conditions such
as NH3, ascorbic acid or H2O2 thus confirming their stability. Overall, the 10 at. % goldplating of AgDeNPs was described and refined. In conclusion, highly stable and uniformly
coated 10 at. % gold-plated AgDeNPs were obtained that were carried forward for the silica
encapsulation project (Chapter 4). The

max

peak position shift of the Au@AgDeNPs was

dampened as compared to the peak of AgDeNPs after Au plating. The dampening of the

max

peak intensity value of the 10 at. % gold-plated AgDeNPs was due to d-sp transition band of
the silver dampened by gold. Figure 2-6 (a) shows UV-Vis spectra of the 10 at. % gold-plated
AgDeNPs and Figure 2-6 (c). shows the TEM image of the 10 at. % gold-plated AgDeNPs.
Uniformly coated and highly stable batches of the 10 at. % gold-plated AgDeNPs were
consistently produced with excellent reproducibility and with preserved LSPR properties.
The

max

peak intensity was stable in the strong etching environment. The Production of the

10 at. % gold-plated AgDeNPs of excellent quality was important for the success of the silica
encapsulation project (Chapter 4). Different stability tests of the 10 at. % gold-plated
AgDeNPs were carried forward by treating the samples with different severe conditions such
as NH3, ascorbic acid or H2O2 and confirming their stability.
2.3.1 Synthesis of different atomic percentage (5 at. %, 10 at. %, 15 at. %. 20 at. %, 30
at. % and 40 at. %) of the gold-plated silver decahedral nanoparticles.
Besides the 10 at. % gold-plated AgDeNPs, the 5 at. %, 10 at. %, 20 at. % and 40 at. % of
gold plating were also consistently produced showing enough evidence of the optimization of
the gold plating procedure of AgDeNPs. Figure 2-7 (a) shows the UV-Vis spectra of the gold
plating from (1) 5 at. %, (2) 10 at. %, (3) 20 at. % and (4) 40 at. % of gold-plated AgDeNPs.
The spectra show that with the increase in the amount of gold there was a gradual red shift of
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peak position and with a decrease in peak intensity which was due to the dampening of the
max

of AgDeNPs by Au due to d-sp transition.

Figure 2-7. (a) UV-Vis spectra of the (1) 5 at. % gold-plated AgDeNPs, (2) 10 at. % goldplated AgDeNPs, (3) 20 at. % gold-plated AgDeNPs & (4) 40 at. % gold-plated AgDeNPs,
(b) Inset optical images of corresponding sample vials of the (1) 5 at. % gold-plated
AgDeNPs, (2) 10 at. % gold-plated AgDeNPs, (3) 20 at. % gold-plated AgDeNPs and (4)
40 at. % of gold-plated AgDeNPs.
The plasmonic property of the silver was preserved in the 10 at. % gold plated AgDeNPs
without any of the silver atoms being galvanically replaced by gold.
2.3.2 The 10 at. % gold-plated silver decahedral nanoparticles (10 at. % Au@
AgDeNPs) synthesized from silver decahedral nanoparticles (AgDeNPs) of different
ages and their stability test with concentrated hydrogen peroxide
Gold-plating of different aged AgDeNPs was done to understand the uniformity, quality, and
stability of coating of the 10 at. % gold-plated AgDeNPs. Different aged AgDeNPs were used
for the 10 at. % gold-plating. to study the effect of gold coating, different aged AgDeNPs
were prepared. Initially, different batches of freshly prepared AgDeNPs, synthesis of
AgDeNPs on the same day (Figure 2-8), 2 or 3 days before, 2 or 3 weeks before and synthesis
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of AgDeNPs by exposing for 9 hours (instead of the standard 14 hours) were produced. Then
for the different aged AgDeNPs, the 10 at. % gold-plating of AgDeNPs were carried out. The
10 at. % gold-plated AgDeNPs samples that were produced from different aged AgDeNPs
were treated with 0.2 M H2O2, 0.5 M H2O2, NH3, and ascorbic acid to understand the quality,
uniformity and the stability of the 10 at. % gold-plated AgDeNPs. Stability of the 10 at. %
gold-plated AgDeNPs of all ages was measured using the UV-Vis spectroscopy and the peak
position

max

shift before and after the test was confirmed by the electron microscopy.

Figure 2-8. UV-Vis spectra of the 10 at. % gold-plated AgDeNPs prepared from fresh
AgDeNPs treated with 0.2 M H2O2 and the 10 at. % gold-plated AgDeNPs prepared from
fresh AgDeNPs (control).
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Figure 2-9. UV-Vis spectra of the 10 at. % gold-plated AgDeNPs prepared from 3 weeks old
AgDeNPs treated with 0.2 M H2O2 and the 10 at. % gold-plated AgDeNPs prepared from 3
weeks old AgDeNPs (control).

Figure 2-10. TEM images of (a) and (b) the 10 at. % gold-plated AgDeNPs prepared using 3
weeks old AgDeNPs and treated with 0.2 M H2O2. (c) and (d) 10 at. % gold-plated
AgDeNPs prepared using fresh AgDeNPs and treated with 0.2 M H2O2. Scale bar for all
images is 100 nm.
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Figure 2-11. (a), (b) (c) and (d) TEM images of the 10 at. % gold-plated AgDeNPs prepared
using 2-3 days old AgDeNPs, the 10 at. % gold-plated AgDeNPs prepared from 2-3 days old
AgDeNPs and treated with 0.2 M H2O2. Scale bar for (a) and (b) is 150 nm and for (c) and
(d) is 100 nm.

Figure 2-12. (a) and (b) TEM images of the 10 at. % gold-plated AgDeNPs prepared from
AgDeNPs exposed for 9 hrs. (c) and (d) the 10 at. % gold-plated AgDeNPs prepared from
AgDeNPs exposed for 9 hrs and treated with 0.5 M H2O2. The scale bar is 100 nm for all
the images.
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Figure 2-13. UV-Vis spectra showing the 10 at. % gold-plated AgDeNPs prepared from 2weeks old AgDeNPs and after treatment with 0.6 mM H2O2 and 0.6 mM ascorbic acid.

Figure 2-14. (a), (b), (c) and (d) TEM images of the 10 at. % gold-plated AgDeNPs prepared
from AgDeNPs exposed under LED light for 2-weeks and treated with 0.5 M H2O2. Scale
bar for all images is 100 nm.
The following results were obtained for the 10 at. % gold-plated AgDeNPs from freshly
prepared AgDeNPs (Figure 2-9), 3 weeks old AgDeNPs (Figure 2-9 and Figure 2-10), 2weeks old AgDeNPs (Figure 2-13 and Figure 2-14)), 2-3 days old AgDeNPs (Figure 2-11)
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and 9 hrs exposed AgDeNPs instead of normal 14 hrs AgDeNPs (Figure 2-12). The UV-Vis
peak intensity variation was monitored for the quality of the sample used. Greater peak
intensity variation was observed for the non- uniform and inconsistent gold coating on the
AgDeNPs. EM images gave a clear picture of the sample. The key to the success of the silica
encapsulation project depends on the excellent quality of the precursor AgDeNPs and on the
consistent production of excellent quality 10 at. % gold-plated AgDeNPs. The 10 at. % goldplated AgDeNPs were tested with ascorbic acid (Figure 2-13), and NH3 (Figure 2-15), for
their stability. The AgDeNPs prepared by treating with the different amount (%) of H2O2 and
the 10 at. % gold-plating of corresponding AgDeNPs samples treated with H2O2 (Figure 2-16
and Figure 2-17). The

max

peak intensity was found to decrease by nearly 5 % - 10 % (within

the acceptance window). Excellent 10 at. % gold-plated AgDeNPs with good intensity peak
position and

max

peak position at 496 nm were obtained by using the AgDeNPs that were

prepared before 2-3 days (Figure 2-11). Using the freshly prepared AgDeNPs, spectra of
the10 at. % gold-plated AgDeNPs were within the acceptance window (within 5%-10%),
while using the AgDeNPs that were synthesized before 2-3 weeks, the UV-spectra were
slightly beyond (5%-10%) the acceptance window. Overall, excellent quality 10 at. % goldplated AgDeNPs were produced with few exception batches where there were a red shift and
low absorption intensity.
2.3.3 Testing the stability of the 10 at. % gold-plated silver decahedral nanoparticles
with ammonia
The stability of the sample was monitored by the UV-Vis spectra, after a series of different
laboratory tests conducted in different media (hydrogen peroxide, ammonia, and ascorbic
acid). The stability of the 10 at. % gold-plated AgDeNPs was confirmed from the EM
images. The nature of the sample, when observed on the EM images (after comparing the EM
images with the control over more/less etched or more/less distorted), indicates whether they
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were stable or not, how different media effected on the final shape of the 10 at. % gold-plated
AgDeNPs.

Figure 2-15. (a) UV-Vis spectra the 10 at. % gold-plated AgDeNPs prepared by treating
with 0.5 M NH3 right away and after 4 hrs. (1) 10 at. % gold-plated AgDeNPs (control), (2)
10 at. % gold-plated AgDeNPs with 0.5 M NH3 right away, (3) 10 at. % gold-plated
AgDeNPs with 0.5 M NH3 after 4 hrs. (b) The inset shows optical images of sample vials of
the 10 at. % gold-plated AgDeNPs treated with different ammonia concentration right away
(1) 0.6 M NH3 (2) 0.7 M NH3, (3) (1) 0.8 M NH3, (4) (1) 0.9 M NH3, (5) 1.0 M NH3.
After the sample of the 10 at. % gold-plated AgDeNPs was exposed to different aggressive
media (hydrogen peroxide, ammonia, and ascorbic acid), the sample prepared was found to
be stable that was confirmed by the UV-Vis spectra and EM images. That confirms the
uniform gold-plating of the AgDeNPs and thus the stability of the 10 at. % Au@AgDeNPs.
The use of 0.2 M or higher concentration of H2O2 was found to be essential for the effective
oxidative etching for the refinement of the AgDeNPs (Figure 2-8 to Figure 2-12, Figure 2-16
and Figure 2-17). The long term (Figure 2-13, Figure 2-14), freshly and short term prepared
AgDeNPs used for the 10 at. % gold-plated AgDeNPs. Similarly, using the NH3
concentration up to 1.00 M (Figure 2-15) and for ascorbic acid as (Figure 2-13).
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2.3.4 Testing the stability of the 10 at. % gold-plated silver decahedral nanoparticles
treated with different % of hydrogen peroxide to silver present in silver decahedral
nanoparticles before gold plating.
Figure 2-16 shows the UV-Vis spectra of AgDeNPs treated with the different amount (%) of
H2O2 and the 10 at. % gold-plating of the corresponding AgDeNPs sample that was treated
with H2O2. Figure 2-17 shows the corresponding EM images of the10 at. % gold-plated
AgDeNPs that were prepared by treating with 20 % of H2O2 and 320 % of H2O2. Both
samples were etched and distorted. From the Figure 2-8 to Figure 2-17 shows different
conditions of the 10 at. % gold-plated AgDeNPs, the effects of peroxide, ammonia, and
ascorbic acid on the stability of different conditions and different aged 10 at. % gold-plated
AgDeNPs.

Figure 2-16. UV-Vis spectra of AgDeNPs prepared by treating with the different amount (%)
of H2O2 and the 10 at. % gold-plating of corresponding AgDeNPs samples treated with H2O2.
(1) Normal AgDeNPs (control), (2) AgDeNPs treated with 20 % of H2O2, (3) AgDeNPs
treated with 40 % of H2O2, (4) AgDeNPs treated with 80 % of H2O2, (5) AgDeNPs treated
with 160 % of H2O2 (6) AgDeNPs treated with 320 % of H2O2.
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Figure 2-17. (a) and (b) TEM images of AgDeNPs prepared by treating with 20 % of H2O2
before the 10 at. % gold-plated AgDeNPs. (c) & (d) TEM image of AgDeNPs prepared by
treating with 320 % of H2O2 before the 10 at. % gold-plated AgDeNPs. Scale bar for (a) is
300 nm, (b) 400 nm, (c) is 100 nm and (d) is 500 nm.

2.3.5 Experimental inaccuracy reported during the 10 at. % gold-plating of AgDeNPs
Few inconsistencies or non-uniform coatings were observed during the experiments of the 10
at. % gold-plating of AgDeNPs. A possible reason for such inconsistency was probably due
to the improper mixing of the gold solution and water that was prepared before dispensing.
The improperly mixed gold-solution leads to the non-uniform gold-plating of the AgDeNPs
causing a peak position

max

shift with a lowering of the peak intensity. Scientifically, the

main reason for the inconsistency of gold plating of the AgDeNPs was due to the truncation
at the tips of the AgDeNPs (hot spots) where the Plasmons (oscillating electrons) are present
in the maximum amount. Hot spots are the area of high energy where the gold first gets
deposited causing a non-uniform gold-coating of the AgDeNPs. Whenever there is truncation
than either the available silver in the solution tries to mend the truncation or the gold used for
the plating goes first to the truncation. So, instead of a forming a uniform gold-coated
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AgDeNPs (Au@AgDeNPs), a non-uniform gold coated AgDeNPs was formed. The main
reason for red shift and low absorption intensity of 10 at. % gold-plated AgDeNPs was due to
the colloidal instability of the solution due to high ionic strength in different etching
environment rather than chemical dissolution that causes non-uniformity of Au@AgDeNP
samples

2.2

PVP provides colloidal stability when used in slightly higher concentration

through steric protection and facets preservation.2.2
2.4 Synthesis of silver pentagonal rod nanoparticles (AgPRNPs)
2.4.1 Synthesis of AgPRNPs: Comparison of using the concentrated and “as is”
AgDeNPs
AgDeNPs (concentrated) serves as a precursor for the synthesis of AgPRNPs. Similarly, “as
is” AgDeNPs were also used in the AgPRNP synthesis, where the total volume of the
experiment was adjusted by using deionized water. Thermal regrowth procedure for synthesis
of AgPRNPs was adapted in deionized water at 99º C using freshly prepared AgDeNPs
(concentrated). The concentration of the precursor AgDeNPs was done by using 5.00 mL of
AgDeNPs (5.00 mL AgDeNPs taken from 15.5 mL total volume of AgDeNPs) in 15.0 mL
VWR centrifugation tube and centrifuged by using VWR Clinical 100 centrifuge for 25 min
@ 5500 rpm. Then the supernatant was removed carefully, leaving 0.50 mL of the
concentrated AgDeNPs) in 15.0 mL using VWR centrifugation tube. Citrate was used as a
reducing agent and PVP as a steric stabilizer. The glass vials (20 ml, VWR) for the synthesis
was used as received, which was pre-rinsed with distilled water and with ethyl alcohol and
dried prior to use. Figure 2-18 shows the schematic illustration of the synthesis of AgPRNPs.
The synthesis of AgPRNPs consists of the following steps: 7.00 mL of deionized water, 720
L of 0.05 M sodium tricitrate, 66.0 L of 0.05 M PVP was added in 20 ml glass vials. Then
the solution was heated up to 99º C for 9 minutes. A constant temperature of the heat block
was maintained that was monitored by the thermometer placed in one of the sample spots on
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the heat block. Heidolph MR 3004 safety magnetic stirrer with hotplate was used for the
preparation of the samples. The swirling of the glass vial with the sample was accomplished
manually in the clockwise direction with caps on. Then precursor AgDeNPs (concentrated)
were added into the solution, that turned the solution to yellow colour. Then X L of 0.005 M
AgNO3 (X= amount of 0.005 M AgNO3 to be added) was added in two equally divided
portions.

Figure 2-18. Schematic illustration of the synthesis of the AgPRNPs using 700 L (543%) of
0.005 M AgNO3.
X

The first portion of 0.005 M AgNO3 ( ) was added one minute after the addition of the
X

concentrated AgDeNPs. Then after five minutes, another half portion of 0.005 M AgNO3 ( )
was added. Length control of AgPRNP morphology was obtained by varying the amount of
silver added to the amount of silver present in the AgDeNP seeds (0.129 mM).
Color changes of the sample solution were observed upon subsequent addition of
concentrated AgDeNPs. The sample solution color after the addition of the precursor
AgDeNPs changed into yellow. Depending on the amount of added silver, the color changed
from yellow to red to blue and ultimately to a green color as an indication of AgPRNPs
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formed different lengths. The colour changed from yellow (shortest) to red and to green
(longest). For different length control, different amount of 0.005 M AgNO3 was added
(calculated as %).

Figure 2-19. UV-Vis spectra of AgPRNPs with varying different amount (%) of added Ag to
the Ag present in the AgDeNPs seed. (1) 387 %, (2) 465 %, (3) 543 % and (4) 620 %.

Figure 2-20. (a) & (b) SEM images of the AgPRNPs and (c) and (d) TEM images of the
AgPRNPs. The scale bar for all images is 100 nm.
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The total amount was calculated as % by using total silver added in L divided by silver
concentration (0.129 mM) present in the AgDeNP during the synthesis of AgPRNPs times
(×)100.
As shown in Figure 2-19, the amount of Ag was varied from (1) 387 % (500 L 0.005 M
AgNO3), (2) 465 % (600 L 0.005 M AgNO3), (3) 543 % (700 L 0.005 M AgNO3), and (4)
620 % (800 L 0.005 M AgNO3) in two equally divided portions to the amount silver present
(0.129 mm) in the AgDeNP seeds. Figure 2-20 shows the AgPRNPs of different length.
Experiments for the synthesis of AgPRNPs of different length were carried out by varying the
amount of added silver. The main objective of this series was to optimize a standard
procedure for the synthesis of the AgPRNPs and to optimize the length control of AgPRNPs
using precursor AgDeNPs that is important for the synthesis of the silver pentagonal prism
nanoparticles (AgPPNPs) project (Chapter 3). AgPRNPs prepared using AgDeNP seeds were
obtained of excellent quality that provides the overall quality of AgDeNPs produced. The
high quality of the AgPRNPs was confirmed by the UV-Vis spectra of the AgPRNPs (Figure
2-19) and the EM images of the AgPRNPs (Figure 2-20). Once the optimization of the
refining procedure for the synthesis of AgPRNPs was realized, it was carried forward towards
the project of synthesis of AgPPNPs using Br¯ . The actual effect of different molar
concentration of Br¯ could be formulated on the shape transformation of AgPRNPs to
AgPPNPs using precursor AgDeNPs and the optimal concentration of Br¯ for the
morphological transformation.
2.4.2 Synthesis of silver pentagonal rod nanoparticles (AgPRNPs) with “as is” silver
decahedral nanoparticles (AgDeNPs) prepared using PSS
Synthesis of AgPRNPs were also carried out using PSS instead of PVP. The PSS used was
cleaned 3 to 5 times using water and isopropanol (detail procedure of the PSS cleaning is
described in Chapter 4 section 4.4.9) before being used. The AgDeNPs were used as a
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starting material were also prepared by using PSS instead of PVP (Figure 2-21). The
procedure for the synthesis of AgPRNPs with “as is” AgDeNPs using PSS is same as
described previously for the synthesis of AgPRNPs. The amount of volume used was
adjusted using deionized water, keeping the total volume constant.

Figure 2-21. (a) UV-Vis spectra of AgPRNPs using 600 µL (465 %) of 0.005 M added Ag to
the amount of Ag present in AgDeNPs seeds with AgDeNPs synthesized using PSS. (b) SEM
images of AgPRNPs with “as is” AgDeNP seeds using PSS. Scale bar for both images is 1
µm.
2.5 Photochemical regrowth of AgDeNPs using KBr, KCl, and KI
The Ksp (solubility product) of AgCl (1.77 × 10¯ 10) ˃ AgBr (5.2 × 10¯ 13) ˃ AgI (8.3 × 10¯ 17)
explains the reason why different halides have a different effect on the AgDeNP regrowth.
Also, the different sizes of halides were another reason for the regrowth. The AgDeNP
regrowth procedure was the same as of the synthesis of AgDeNPs and the only variation
being the addition of different halides at the end. The different molar concentrations of KBr,
KCl, and KI were used to the amount of the silver present in the AgDeNPs. The right molar
ratio was needed to figure out the maximum and minimum effect of KBr, KCl, and KI. The
regrowth was carried under the royal blue LED light. Different calculated values of the
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required molar concentration for the experiments should be diluted in the range of 200 µL to
800 µL for the accuracy and proper dispensing. Total volume was adjusted using high-purity
deionized water.
2.5.1 Photochemical regrowth of the silver decahedral nanoparticles (AgDeNPs) with
varying amounts of NaF
The fluoride ion was of interest because of its significant role in the environment and the
medical field.

Figure 2-22. (a) UV-Vis spectra of AgDeNPs prepared by varying NaF using increasing
concentrations of NaF, control (without NaF), using 10 mM NaF, 20 mM NaF, 40 mM NaF,
80 mM NaF, 160 mM NaF, 320 mM NaF during AgDeNP synthesis). (b) and (c) EM images
of AgDeNPs with 160 mM NaF. Scale bar for both images is 100 nm.
Figure 2-22 shows the UV-Vis spectra of AgDeNPs using a different molar concentration of
NaF to Ag present in AgDeNPs and AgDeNPs without NaF (control). The different molar
concentrations of NaF were added before the peroxide addition step during the synthesis of
AgDeNPs along with normal synthesis of AgDeNPs without NaF (control). Subsequently,
300 µL of 10.4 M H2O2 was added and the solution then was kept stirring for 10 minutes. A
36

pale-yellow solution was first formed, which then turned to bright yellow colour upon
continued stirring (400 rpm). The addition of the H2O2 to the AgDeNPs with NaF leads to a
different change in color from orange to dark blue to black that was due to the formation of
the AgF which was soluble and without any precipitation due to the selective binding of
Florine compared to other halides. Then the AgDeNPs were exposed under 449 nm of royal
blue light for 14 hrs and the UV-Vis spectra of the AgDeNPs were measured. The ionic
strength of the NaF in the AgDeNPs causes the formation of the larger AgDeNPs. The red
shift in the UV-Vis spectra of the

max

peak position shift was observed with varying the

molar concentration of NaF. The red shift of

max

(475 nm ± 2 nm) peak position of

AgDeNPs was observed on increasing the molar concentration of the NaF from 1 mM NaF to
320 mM to 640 mM NaF to Ag present on the silver nitrate. AgDeNPs with NaF survived at
320 mM (at a high molar concentration). Fluoride even at higher concentration does not have
as adverse effect as chloride does because of the solubility of AgF. Further increasing the
concentration of NaF high concentration up to 640 mM leads to the disappearance of the
characteristic pale yellow color of AgDeNPs indicating that the sample dispersed.
2.5.2 Photochemical regrowth of silver decahedral nanoparticles (AgDeNPs) using
potassium chloride by varying silver to chloride molar ratio (Ag: Cl)
The photochemical regrowth of AgDeNPs using KCl was same as the preparation of
AgDeNPs. The only difference being the addition of chloride ion just before the H2O2
addition. AgDeNP regrowth with KCl was carried out to see the maximum and minimum
effect of chloride on AgDeNPs

max

peak position shift and to understand the effect of KCl on

the structure of the AgDeNPs. Chloride, when used along with peroxide, decreases the
etching property of H2O2. Figure 2-23 shows the UV-Vis spectra of photochemical regrowth
of AgDeNPs using Cl¯ with varying silver to chloride molar ratio (Ag: Cl). AgCl is less
soluble in solution because of the Ksp value of the silver chloride is (1.77 × 10¯ 10). Figure 2-
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24 shows TEM images of the photochemical regrowth of AgDeNPs using Cl¯ with the molar
ratio of Ag: Cl (40:1).

Figure 2-23. UV-Vis spectra of the photochemical regrowth of AgDeNPs using KCl with
varying the molar ratio of Ag to Cl.

Figure 2-24. (a), (b), (c) and (d) shows the TEM images of the AgDeNP regrowth using
chloride with the molar ratio of Ag: Cl (40:1). Scale bar is 100 nm for all the images.
Rounding of the AgDeNPs starts with the molar concentration of the chloride even at the
molar ratio of Ag: Cl (40:1) or 0.02 mM KCl due to strong etching property of the chloride.
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2.5.3 Photochemical regrowth of silver decahedral nanoparticles (AgDeNPs) using
potassium bromide by varying silver to bromide molar ratio (Ag: Br)
The photochemical regrowth of AgDeNPs using KBr was the same as that of the AgDeNP
synthesis. The only difference being the step of addition of KBr just before the H2O2

Figure 2-25. UV-Vis spectra of the photochemical regrowth of AgDeNPs using KBr with
varying the molar ratio of Ag to Br.
Figure 2-25 shows the UV-Vis spectra of the photochemical regrowth pattern of AgDeNPs
using KBr. The peak below the 450 nm explains that there was no effect of light on the
regrowth of the platelets. The slight red shift of the

max

peak position was attributed to the

larger platelet formed during the regrowth causing the light to slightly red shift the

max

peak

position. Figure 2-26 shows the TEM images of the photochemical regrowth of AgDeNPs
using Br¯. The shift of the

max

peak position was observed at the higher silver to Br¯ . ratio.

The selective growth of the 100 plane was observed that works at a higher temperature as
indicated by the UV-Vis spectra. The platelet growth was observed to be optimal or at the
maximum amount at the molar ratio of Ag: Br of 70:1 or at the molar ratio of 100:1 or in
between both the molar ratio of Ag: Br 70:1 and Ag: Br 100:1.
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Figure 2-26. (a) TEM of the AgDeNPs prepared using regrowth with the molar ratio of Ag:
Br (40:1), (b) with Ag: Br (160:1), (c) with Ag: Br (320:1), & (d) with Ag: Br (640:1). Scale
bar for all images is 100 nm.
At the lower KBr concentration, there was the minimum effect of bromide that resulted in the
formation of smaller particles. Further increasing the concentration of the KBr resulted in the
limited formation of the smaller platelets that was driven by kinetics (synthesis of NPs
involves the nucleation (fast) and the particles growth step or formation step (slow) which is
the rate determining step that determines the kinetics of the reaction). Bromide ion is a
weaker etchant than chloride ion (because Cl¯ is stronger coordinating ligand as compared to
the Br¯ . When Cl¯ combines with O2 it forms a Cl¯ /O2 pair that strongly dissolves the
multiply and single twin NPs that provides more etching to the NPs than the combination of
the Br¯ /O2) that results in the alteration of the final shape of the NPs.2.5 The corresponding
13

Ksp value of the silver bromide is (5.2 × 10¯ ).
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2.5.4 Photochemical regrowth of silver decahedral nanoparticles using potassium iodide
by varying silver to iodide molar ratio (Ag: I)
The photochemical regrowth of AgDeNPs using KI was same as for the preparation of the
AgDeNPs. The only difference being the addition of KI just before the addition of the H2O2.
AgDeNP regrowth using KI forms insoluble AgI precipitate (Figure 2-27).

Figure 2-27. UV-Vis spectra of the photochemical regrowth of AgDeNPs prepared using KI
with varying the molar ratio of Ag to I.
The platelet growth using KI was same as that of KBr except that the kinetics (after
nucleation, the rate determining step or the kinetics of the formation of the final particle) was
even slower than that of observed in KBr regrowth, which can be attributed to the large size
of iodide ion. Figure 2-28 shows the TEM images of the photochemical regrowth of
AgDeNPs using I¯ . Iodide ion, when combined with silver ion, forms AgI crystal structure
that does not fit the crystal lattice of the AgDeNPs plane. The initial results show that the
effect of KI was effective at the concentration nearly about the same as that of bromide. The
rounding of the AgDeNPs started at the Ag: I molar ratio of (70:1).
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Figure 2-28. (a), (b), (c) and (d). TEM images of the AgDeNPs prepared using regrowth with
Ag: I molar ratio of 320:1. Scale bar for all images is 100 nm.
Iodide ion has the least etching property as compared to bromide ion and chloride ion. For
17

AgI, the Ksp value of the silver iodide is (8.3 × 10¯ ).
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Chapter 3
The shape transformation of the silver decahedral nanoparticles
(AgDeNPs) into silver pentagonal prism nanoparticles (AgPPNPs)
using bromide as a shape selective reagent
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3.1 Introduction
Due to the presence of free surface electrons, much research in recent years has focused on
the synthesis of the noble metal nanocrystals.3.1,3.2 The shape dependent properties exhibited
by metal nanocrystals and tuning such materials into the desired properties is the main
motivation for size and shape controlled synthesis of the nanomaterials.3.1,3.3,3.4 Noble metal
nanocrystals are widely used in various promising applications in chemical and biological
sensing because of their unique plasmonics properties.3.5,3.6 Such applications are mainly
determined by the localized surface plasmonic resonance (LSPR) which depends on the
morphology of the metal nanoparticles.3.7,3.8 These shapes attract increasing interest due to
their plasmonic properties which can be greatly used to increase the sensitivity of the
biological and chemical sensors.3.6,3.9,3.10
At present, there are two main directions of synthesis of metal nanoparticles of different
shapes and sizes; the lithographic technique3.11 and the wet chemical technique.3.12,3.13,3.14 The
lithographic technique can control the shape more precisely, but is more complex, expensive
and requires specialized laboratory settings. The wet chemical technique is simple,
economical and more practical and can be done in easy laboratory settings. In solution based
shape-selective synthesis, interaction with capping agents’ results possibility of formation of
planar and pentagonal twinning.3.8,3.15,3.16 The main stages of the chemical synthesis of MNPs
include the nucleation, evolution of nuclei into seeds and growth of seeds into nanocrystals.3.8
Shape selective synthesis of AgNPs were reported, including right-angle bipyramids,3.17,3.18
nanoflowers,3.19,3.20 prisms,3.21 cubes,3.1,3.18 decahedra,3.22,3.23 octahedra,3.24,3.25 icosahedra,3.26
bars,3.5,3.27,3.28 and rods.3.3,3.29,3.30 Br¯ plays an important role in the size and shape-selective
synthesis of nanocrystals. Br¯ have been used as a capping agent for the anisotropic growth
of the nanostructures such as nanocubes3.18,3.8,3.31,3.32,3.33 and nanobars.3.34,3.28 Garg et al. in
2010. reported that the Br¯ presence is critical for nanorods formation due to chemical
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etching of small single crystalline polyhedral seeds, which eliminates twinned seeds with a
higher yield than larger seeds rather than with CTA+ bilayers.3.35 AgBr (rock salt) geometry
fits nicely in the (100) plane as compared to the (111) plane resulting in the stronger binding
of AgBr to (100) plane than (111) plane.3.36,3.37,3.38 Recently, Wu et al. in 2015. reported the
synthesis of the Ag nanocubes by varying concentration of Br¯ , which causes an oxidative
etching effect and determines the nanocrystal shape.3.31
Most of the previous work using Br¯ was focused mainly on the synthesis of
nanobars,3.5,3.27,3.28,3.34,3.39 nanocubes,3.8,3.18,3.31,3.32,3.33,3.40 nanoprisms/platelets.3.2,3.18,3.41 Beside
optimal concentration, increasing or decreasing the concentration of the Br¯ leads to different
degrees of truncation3.42,3.43 and the formation of truncated nanocrystals due to etching caused
by Br¯ .3.39 Khan et al. in 2011. reported the synthesis of spherical, aggregated and fcc AgNPs
stabilized by CTAB where the Ag ions are reduced by aniline and an excess amount of
stabilizer CTAB resulted in the rounded Ag particles.3.38 I¯ produces similar effects like Br¯
but is difficult to use with the most abrupt transition of the shape taking place with less
controllable synthesis.3.18 Cl¯ being smaller in size and less compaction than Br¯ , a higher
concentration of Cl¯ is needed, which hinders the formation of nanobars3.28 and
nanocubes.3.18 This illustrates how the Br¯ plays an important role as a shape selective
reagent in the synthesis of Ag metal nanoparticles of desired shapes.
Herein, we demonstrate a simple, convenient and reliable method of shape transformation of
the synthesis of silver decahedral nanoparticles (AgDeNPs), pentagonal bipyramid, Johnson
solid (J13) with ten triangular (111) facets bound AgNPs into silver pentagonal prism
nanoparticles (AgPPNPs) using Br¯ as a shape-directing reagent. By varying Ag/Br molar
ratio, the new AgPPNPs was synthesized with a seven (100) faceted structure. Length control
of the AgPPNPs was achieved by varying the amount of added silver (%). The degree of
truncation was monitored by transverse LSPR peak position shift in the visible region with
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semi and over etched shapes. New AgPPNPs with its well-defined shape should be
advantageous for the sensing applications.

3.2 Experimental Section
In this synthetic procedure, a simple, convenient and effective protocol was formulated which
could be easily reproduced in the laboratory settings for the preparation of AgPPNPs. The
main difference from the synthesis of the pentagonal rods to the pentagonal prisms was the
addition of the bromide as a shape defining step.

3.2.1 Reagents
Silver nitrate (99.9%), sodium citrate tribasic dihydrate (99.5%), sodium borohydride (99%),
L-arginine (TLC, 98 %), hydrogen peroxide potassium stannate inhibitor (30–32 wt. %
solution in water, semiconductor grade), potassium chloride (99 %), potassium bromide (99
%), potassium iodide (99 %), CTAB (cetyltrimethylammonium bromide, 99 %) was supplied
by Aldrich and used as received. Poly (vinylpyrrolidone) (PVP, Mw = 40,000) was supplied
by Caledon Chemicals (Caledon, Canada). High-purity deionized water (>18.2 MΩ cm) was
produced using a Millipore A10 Milli-Q.

3.2.2 Synthesis of silver decahedral nanoparticles (AgDeNPs)
Shape selective synthesis of the precursor, AgDeNPs, was performed based on the novelphotochemical approach that was previously reported by our group.3.22 The glass vials (20 ml,
VWR) for the synthesis could be used as received, but usually were pre-rinsed with distilled
water and with ethyl alcohol and dried prior to use. AgDeNP synthesis started with the
preparation of a precursor solution in 20.0 mL glass vial containing 14.00 mL of water with a
magnetic stir bar used for constant stirring at 400 rpm and the following reagents were added
in the following order: 0.520 mL of 0.050 M sodium citrate, 0.015 mL of 0.050 M PVP (total
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concentration of the monomer units), 0.050 mL of 0.005 M L-arginine and 0.400 mL of 0.005
M AgNO3. In a final step, 0.200 mL of freshly prepared 0.100 M sodium borohydride was
added and the solution turns pale yellow first and then after continuous stirring becomes
bright yellow and then 0.300 mL of 10.4 M hydrogen peroxide was added and left for 15
minutes to stir, after which the vials were exposed to the royal blue LED (449 nm, 1 W) for
14 hours.
3.2.3 Synthesis of silver pentagonal prism nanoparticles (AgPPNPs)
Synthesis of AgPPNPs was performed based on the synthetic protocol of AgPRNPs
previously reported by our group.3.3 The precursor AgDeNPs, were used in the synthesis of
the AgPPNPs and the control AgPRNPs. Centrifugation of AgDeNPs was accomplished by
using VWR clinical 100 centrifuges using 5.00 mL of AgDeNPs sample centrifuged for 25
min @ 5500 rpm and the supernatant was carefully removed leaving 0.50 mL of AgDeNP
seeds (concentrated) containing 0.129 mM silver in 15.00 mL VWR test tube. For the
preparing different length of AgPPNPs, the amount of silver was varied (248 % to 775 %).
For the actual preparation of the AgPPNPs, the following volumes and concentrations of
reagents were used as shown in the schematic illustration (Figure 3-1): 7.00 mL of deionized
water, 720 L of 0.05 M sodium tricitrate, 66.0 L of 0.05 M PVP, 0.50 mL of precursor
AgDeNPs (concentrated) was used (obtained after centrifugation of 5.00 mL of AgDeNPs for
25 min @ 5500 rpm and after removing supernatant and leaving 0.50 mL sample seed), 700
L of 0.005 M AgNO3 (silver was added in two equal divided portions after an interval of
five minutes after the first portion of addition), 108 L of 0.0005 M KBr, the optimal amount
required for the formation of AgPPNPs for 700 L (543 %) of 0.005 M AgNO3 and Ag/Br
molar ratio of (76.5:1). For different length control, the amount of silver addition was varied.
For the longer AgPPNPs, 1000 L (775 %) of 0.005 M AgNO3 was added in two equally
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divided portions and 125 L of 0.0005 M KBr, Ag/Br molar ratio of (90:1), the optimal
amount for the formation of longer AgPPNPs.

Figure 3-1. Schematic illustration of the synthesis of the AgPPNPs.
Similarly, for the shorter AgPPNPs, 320 L (248 %) of 0.005 M AgNO3 was added in two
equally divided portions and 78.0 L of 0.0005 M KBr, Ag/Br molar ratio of (60:1), the
optimal amount for the formation of shorter AgPPNPs.
The following reagents were added to the final total concentration in solution in the
chronological order of their description: 0.388 mM PVP, 4.20 mM sodium tricitrate, 0.076
mM of Ag from the precursor AgDeNPs (concentrated), 0.412 mM (543 %) of added
AgNO3, 6.35 M potassium bromide and Ag/Br molar ratio of 76.5:1. Similarly, for other
different lengths, 388 mM PVP, 4.20 mM sodium tricitrate, 0.076 mM AgNO3 from the
AgDeNP seeds (concentrated), 0.668 mM (775 %) of added AgNO3, 7.40 M potassium
bromide and Ag/Br molar ratio of 90:1 and 388 mM PVP, 4.20 mM sodium tricitrate, 0.076
mM AgNO3 from the AgDeNP seeds (concentrated), 0.256 mM (248 %) of added AgNO3,
4.62 M potassium bromide and Ag/Br molar ratio of 60:1.
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A constant temperature of 99º C was maintained at the heat block that was constantly
monitored by the thermometer placed in one of the heat blocks. Heidolph MR 3004 safety
magnetic stirrer with hotplate was used for the preparation of the sample. The caps were
tightly put during the experiment to ensure proper closure but not so tightly that they could
not be opened. Sample vials were swirled clockwise manually after every step of reagent
addition. Swirling was accomplished manually during the synthesis. If the magnetic stir bar
was to be used, stirring was done @ 400 rpm with a magnetic bar of size 8 mm × 1.5 mm.
The degree of truncation was obtained by varying the molar concentration of bromide added
to the silver present in the solution (Ag/Br). The amount of the added bromide was varied
from 98.0 µL of 0.005 M bromide (Ag/Br molar ratio of 1:1) to 103 µL of 0.00005 M
bromide (Ag/Br molar ratio of 60:1), keeping constant silver i.e., 700 µL of 0.005 M AgNO3.
Length variation was obtained by varying the silver amount from 320 µL (248 %) of 0.005 M
AgNO3 to 1000 µL (775 %) of 0.005 M AgNO3 to the amount of silver present in the
AgDeNP seeds (0.129 mM) and keeping the optimal bromide concentration constant for each
length. Upon subsequent addition of concentrated AgDeNPs, the solution changed into
yellow color, and upon further silver addition into red and blue and then green color finally.
Also, the experiments were carried out using KCl, KI, and CTAB (different batches of CTAB
produced different UV-Vis spectra),3.43 that did not produce the expected result (refer to
supplementary Figure S-11 and S-12). In the experiment, sodium tricitrate was used as a
reducing agent and PVP3.44 was used as a colloidal stabilizer.

3.2.4 Sample preparation of AgPPNPs for TEM and SEM
The sample preparation of AgPPNPs began by cleaning the sample with deionized water on a
VWR centrifugation test tube using VWR Clinical 100 centrifuge, and Thermo Scientific
Sorvall legend 21 micro-centrifuge by centrifuging @ 5500 rpm for 25 minutes and by
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removing the supernatant and dispersing it and adding the same volume of water and
repeating the process three times. Then the concentrated samples were placed on a copper
grid with formvar/carbon film.

3.3 Characterization of AgPPNPs
Silver pentagonal prism nanoparticles AgPPNPs were characterized by using Ultraviolet
(UV) -Visible (Vis) spectroscopy, which was acquired using either an Ocean Optics QE65000 fiber-optic UV-Vis spectrometer by the dispersions of an aqueous AgPPNPs solution
in cells with an optical path of 1 cm. The solutions were diluted three times with deionized
water before taking the UV-Vis spectroscopy. VWR clinical 100 centrifuge and Thermo
Scientific Sorvall Legend 21 Micro Centrifuge were used for preparing concentrated
AgPPNPs samples that were dried on a grid for EM imaging. Electron Microscopy (EM),
both the transmission electron microscopy (TEM) and the scanning electron microscope
(SEM) imaging were performed by using Hitachi S-5200.

3.4 Results and discussion

3.4.1 Preparation of AgDeNPs, AgPRNPs as a background for AgPPNP synthesis

3.4.1.1 Preparation of the silver decahedral nanoparticles (AgDeNPs)
AgDeNP synthesis was carried out by the photochemical transformation of the precursor
solution of AgNPs by reducing Ag+ to Ag with NaBH4 and oxidative etching using H2O2
using citrate as charge stabilizer, PVP as a steric stabilizer3.44 and using arginine as a
photochemical promoter.3.22
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3.4.1.2 Preparation of silver pentagonal rod nanoparticles (AgPRNPs)
The same synthetic procedure was adapted for the synthesis of silver pentagonal prism
nanoparticles (AgPPNPs) as used for the synthesis of the AgPRNPs. Before the introduction
of the capping agent Br¯ , very high-quality AgPRNPs needs to be produced that are directly
related to the quality of the AgDeNPs. So, producing high-quality precursor AgDeNPs is the
basic requirement for the success of the experiment. The transformation of the anisotropic
well-defined geometry of AgDeNPs into AgPRNPs was carried out by using the method
developed in our laboratory.3.3 We adapt the same synthetic procedure of AgPRNPs3.3 for the
synthesis of AgPPNPs. The AgPRNP growth can be visually monitored by the color change
from yellow to yellow-orange as two plasmon peak slowly starts to split between 430 nm –
440 nm. Upon further growth, the LSPR peak splits completely into two, the transverse peak
(short-axis) and the longitudinal peak (long-axis) moving into the longer wavelength and into
the NIR.3.3 The Ag atoms are deposited into the wedges of the (111) facets of the AgDeNPs
with the continuous reconstruction of top (111) facets are formed by selective deposition of
Ag atoms resulting in the growth of (100) facets to form AgPRNPs with the preserved
pentagonal symmetry.3.3 For preparing AgPPNPs, we adapt the same synthetic procedure as
AgPRNPs and the only difference being the step of addition of the shape selective reagent,
Br¯ (added as KBr). We established that Br¯ addition step which is the crucial step for shape
determination to be working the best after the addition of the second portion of silver. Like
the length variation of AgPRNPs, different lengths of AgPPNPs were also obtained by
varying the amount of added AgNO3. Upon reaching the optimal Br¯ concentration, final
new product, AgPPNPs were produced. The experiment was also carried using KCl, KI, and
CTAB (different batches of CTAB produced different UV-Vis spectra)3.45 which did not
produce the expected result (Figure S-11). To clearly understand the mechanism involved in
the synthesis of the AgPPNPs, different stages of the effect of the Br¯ concentration on the
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morphology, the transformation of the AgDeNPs to AgPRNPs and finally into AgPPNPs
needs to be studied.

3.4.2 Br¯ used as a shape selective reagent or capping agent of (100) facets of AgPRNPs
and transformation of AgPRNPs into AgPPNPs
Br¯ plays an important role in the transformation of AgDeNPs into the desired AgPPNPs.
Br¯ was used as a capping agent or the shape selective reagent by stabilizing (100) facets of
growing AgPRNPs, effectively leading to the transformation of AgPRNPs into (100) bound
AgPPNPs. Br¯ from KBr solution combines with Ag+ forming AgBr (rock salt structure) and
binds strongly to the (100) facets of the growing AgPRNPs. Chemisorption of the AgBr on
the (100) facets of AgPRNPs, results in the deposition of the Ag atom on both (111) facets of
AgPRNPs and upon reaching the optimal Br¯ concentration transforms into (100) bound
AgPPNPs. The formation of the AgBr cubes or lumps was observed when an excess of Br¯
concentration was present in the solution. The Br¯ introduced after the formation of the
AgPRNP by silver reduction was an important shape selective step. By precisely controlling
the molar ratio of Ag/Br, we were thus able to control the formation of (100) bound shaped
AgPPNPs.
The summary of the effect of the Br¯ concentration on the shape-controlled transformation
into AgPRNPs and finally into the AgPPNPs is shown in the Figure 3-2. Initially, upon
introducing a controlled amount of Br¯ , by gradually varying the molar ratio of Ag/Br, leads
to the incomplete transformation of (111) facets slowly into the different degree of truncation
before reaching the optimal Br¯ concentration. Further, in the presence of excess of Br¯ , the
over-truncated morphologies, which were in the extreme of over-truncation become rounded
structures, were formed due to etching by large amounts of Br.¯ The schematic illustration of
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Figure 3-2 shows the views/projections of AgDeNP seeds (top view, tilted and side view) and
the synthetic protocol used to achieve the transformation of AgDeNPs into the AgPPNPs.

Figure 3-2. Schematic illustration of the AgDeNPs transformation into (I), AgPRNPs, (II)
semi-truncated (different degree of truncation), (III) AgPPNPs and (IV) over-truncated
AgPPNPs with increasing Br¯ concentration. The EM images on the right side shows No Br¯
for I (a) and (b), and Ag/Br ratio of II (a) (60 :1), II (b) (100 :1), III (a) (90:1) and III (b) (60
:1) AgPPNPs, IV (a) (4:1) and IV (b) (4:1) over-truncated (rounded) shapes. All scale bars
are 100 nm. Refer to Table S1 for more detailed sample descriptions.
Figure 3-2, I represent AgPRNPs in the absence of Br¯ . Figure 3-2 II, III, and IV show the
corresponding shapes of AgPPNPs, semi-truncated and over-truncated structure. The overtruncated (rounded structure) was formed by excess Br¯ concentration (see Figure S-5).
Figure 3-2 also shows the corresponding EM images for the schematics. The TEM images in
Figure 3-2, I (a) and I (b) corresponds to AgPRNPs (control). Figure 3-2, II (a) showing the
top view. EM images in Figure.1, II (a) and II (b) represents the semi-truncated structured.
EM images in Figure 3-2, III (a) & III (b) shows AgPPNPs. Excess of the Br¯ concentration
54

results in over-truncated as shown in the TEM image in Fig. 1, IV (a) and (b). (See Table 31).
Table 3-1 summarizes the experimental results of the effect of Ag/Br molar ratio on the shape
transformation of the AgDeNPs into AgPPNPs, semi, and over truncated structure. The
summary of the corresponding EM images of the different morphology is referred in the
Table 3-1 that also summarizes the results of the series of the experimental works with the
spectral value of tunable LSPR peak shift.
Table 3-1: Summary of the experimental results of the effect of Ag/Br molar ratio on shape
transformation from AgDeNPs to AgPRNPs (control) to AgPPNPs, semi and over
truncated structure
List of figures with
EM images
Fig 3-2 I (a)
Fig 3-2 I (b)
Fig 3-2 II (a)
Fig 3-2 II (b)
Fig 3-2 III (a)
Fig 3-2 III (b)
Fig 3-2 IV (a), (b)
Fig 3-5 (a)
Fig 3-5 (b)
Fig 3-5 (c), (d)
Fig 3-5 (e)
Fig 3-5 (f)
Fig 3-5 (g)
Fig 3-5 (h),
Fig 3-5 (i)

NP shapes

*AgPRNPs
*AgPRNPs
Top view (house)
Semi-truncated
AgPPNPs
AgPPNPs
Over-truncated
AgPPNPs
AgPPNPs
AgPPNPs
AgPPNPs
AgPPNPs
AgPPNPs
AgPPNPs
AgPPNPs

(Ag: Br)
Molar
Ratio
*Control
*Control
60: 1
100:1
50:1
60: 1
4: 1
60:1
30:1
80: 1
76.5: 1
72.5: 1
90: 1
100: 1
100: 1

Amount
of added
Ag (%)

Length of
AgPPNPs
(nm)

Width
of
AgPPNPs
(nm)

543 %
775 %
388 %
543 %
775 %
775 %
543 %
248 %
248 %
388 %
543 %
775 %
775 %
775 %
775 %

95
121
62
90
124
118
75
55
50
63
92
95
128
124
125

40
39
35
38
40
40
40
40
40
34
40
39
38
39
40

LSPR

LSPR

transverse

(nm)

longitudinal

Sample
number

(nm)

408
405
427
407
428
430
394
423
422
427
430
428
427
428
428

690
810
572
685
841
737
552
488
471
575
670
672
834
804
817

TI 777
TF 163
TF 144
TE 605
TF 685
TE 982
TF 259
TF 679
TF 666
TF 147
TE 882
TE 734
TF 271
TF 165
TF 162

3.4.3 LSPR plasmon band position shift for particle morphology changes
3.4.3.1 Transverse LSPR for monitoring spectral peak position shift for shape control
To better understand the relationship between the morphology and the LSPR spectral peak
position shifts, the UV-Vis spectral peak position shift of the transverse peak (short-axis) was
analyzed. Fine tuning of the AgPPNP morphology was done by monitoring the relationship
between the transverse LSPR peak position shift and the AgPPNP morphology with varying
Ag/Br ratio. The continuous red shift of the transverse peak (short-axis) for a different degree
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of truncation was observed with a gradual increase of Ag/Br molar ratio, but an exception for
the over-truncated or rounded morphology in which the transverse peak was blue-shifted.
Figure 3-3 (a) shows the UV-Vis spectra peak position shift of the AgPPNPs and other
semi/over truncated morphologies with varying Ag/Br ratio. The transverse peak (short-axis)
was the characteristic feature for monitoring the different degree of truncation whereas the
longitudinal peak (long-axis) position shift is the main indication for monitoring the length of
AgPPNPs.

Figure 3-3. (a) UV-Vis spectra of the AgPPNPs with Br¯ variation from 1 (4:1), 2 (no Br¯ ), 3
(130:1), 4 (110 :1), 5 (140:1), 6 (100:1) and 7 (76.5:1) with 543 % of Ag relative to seed
(AgDeNPs). (b) UV-Vis spectra of normalized transverse peak varied (1,2,3,4,5,6 & 7) with
Br¯ variation with 543 % of Ag relative to Ag in seed (AgDeNPs) and (c) Optical image of
sample vials superimposed on the top of the UV-Vis spectra, one representing for spectra 1
and another for spectra 2 to7.
The LSPR can be tuned by varying the Ag/Br molar ratio as shown in Figure 3-3 (a) (1 to 7).
Figure 3-3 (b) shows the normalized transverse peak (short axis) and clearly demonstrating
the peak position shift of LSPR. The transverse peak value at (430 nm ± 2 nm) corresponds to
AgPPNPs and the peak value at (408 nm ± 2 nm) for AgPRNPs (no Br¯ ) (refer to Figure S1).
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The degree of truncation was monitored by the transverse LSPR peak position shift from (395
nm ± 2 nm) to (430 nm± 2 nm). Figure 3-3 (b) was used to monitor the degree of truncation
semi/over truncated structure, from AgPRNPs to semi-truncated to AgPPNPs and finally to
over-truncated structure. The red shift of the UV-Vis spectra was observed from an initial
increase of Br¯ concentration beginning from AgPRNPs as a control (no Br¯ ) (refer to Figure
3-3 (b) 2). Gradually on increasing the Br¯ concentration, the UV-Vis spectra of the
transverse LSPR peak position was red shifted from (2) to (7). Figure 3-3 (b) 2 shows the
UV-Vis for (control) (no Br¯ ), 3 with Ag/Br molar ratio of (130:1), 4 with (110:1), 5 with
(140:1), 6 with (100:1) and 7 with Ag/Br molar ratio of (76.5:1), the optimal Br¯
concentration where AgPPNPs were formed. Figure 3-3 (b) 1 shows blue-shift of the UV-Vis
spectral peak for Ag/Br molar ratio of (4:1) that was due to the over-truncated (rounded)
structure with high Br¯ concentration. Figure 3-3 (c) represents two optical pictures, one for
UV-Vis peak 1 and another from 2 to 7.
The red-shift of the transverse peak (short axis) was observed from an initial increase of Br¯
until the optimum Br¯ concentration (right Br¯ concentration for the AgPPNP formation).
The red shift of the transverse peak position was observed in Figure 3-3 b from (2) to (7). The
initial peak position Figure 3-3 b (2) corresponds to AgPRNPs (control, no Br¯ ). Gradually
further increasing the Ag/Br molar ratio up to (76.5:1), a red-shift of the transverse peak was
position observed. Upon further increasing the Br¯ concentration resulted in the blue-shift of
the spectral peak. Figure 3-3 b (1) shows the over-truncated structure with Ag/Br molar ratio
of (4:1) which was due to etching that resulted due to excess Br¯ concentration used resulting
in over-truncated structure and rounding. The precise tuning of the transverse LSPR peak was
achieved by varying the Br¯ concentration in the visible region from (395 nm ± 2 nm) to (430
nm ± 2 nm). The morphological changes were monitored directly correlating to the LSPR
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spectrum peak position shift. The small LSPR red-shift change was attributed to the refractive
index change that can be sensed by LSPR.
3.4.3.2 Longitudinal LSPR for monitoring length control of AgPPNPs by varying silver
amount
The longitudinal (long axis) LSPR peak spectrum wavelength demonstrates the length
variation of AgPPNPs (the long-axis of the UV-Vis spectra).

Figure 3-4. UV-Vis spectra of the AgPPNPs of different length with (1) 388 %, (2) 543 % &
(3) 775 % of silver relative to seed (AgDeNPs). Along with schematic illustration and inset
optical images representing the corresponding sample vials (1, 2 and 3) of AgPPNPs of
different length.
Figure 3-4 shows the UV-Vis spectra of the AgPPNPs of different length. The length control
of the AgPPNPs was realized with high size uniformity. The length variation was achieved
by varying amount of (%) silver added to silver present in the AgDeNP seeds. The result was
confirmed by performing several different independent experiments that were performed to
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confirm the reproducibility of the length control of the AgPPNPs. (refer to supplementary
information from Figure S-7 to Figure S-10).

Figure 3-5. EM images of the AgPPNPs of different length (a), (b) with 248 %, (c), (d) with
388 %, (e) and (f) with 543% and (g), (h) & (i) with 775% of added silver relative to
AgDeNP seed. The length range varies from shortest 50 nm to longest 128 nm. The scale bar
is 100 nm for the image (b), 200 nm for (a), (c) and (e), 300 nm for (d) and (g), 400 nm for
(i), and 500 nm for (f), and (h). Refer to table 3-1 for more detailed sample descriptions.
Figure 3-5 shows the optimisation of the length control of AgPPNPs by varying the amount
of silver added to the AgDeNP seeds (refer to supplementary figures Figure S-8, S-9, S-10).
The EM images of Figure 3-5, shows AgPPNPs of different length obtained by using silver
from 248 % to 775 % of silver, that clearly demonstrates the optimal length control of the
AgPPNPs. The ideal molar ratio for obtaining AgPPNPs of different length using different
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amount (%) of silver was different. As shown in Figure 3-5 (e), for 543 % at Ag/Br molar
ratio 76.5:1 resulted in AgPPNPs with the length of 92 nm, Figure 3-5 (g), for 775 % at
Ag/Br molar ratio of 90:1 resulted in AgPPNPs with the length of 128 nm and, Figure 3-5
(b), for 248 % 60:1 Ag/Br molar ratio gave AgPPNPs with the length of 50 nm. The TEM
image Figure 3-5 (b) shows the shortest length (50 nm) obtained and Figure 3-5 (g) shows the
longest length (128 nm) of the AgPPNP obtained. Finally, by controlling the concentration of
the Br¯ , AgPPNPs of different length were synthesized with precise shape selectivity and
monodispersity. The AgPPNP morphology was stable in the colloidal solution.

Figure 3-6. Variation of the length of AgPPNPs as a function of added amount of Ag (%).
A continuum of AgPPNPs of different length by using 248% of silver to silver present in the
AgDeNP seeds with the length of 50 nm, using 543 % of silver with the length of 92 nm and
using 775 % of silver with the length of 128 nm were obtained (Figure 3-6).
By varying Ag/Br molar ratio, the transverse peak position shift of LSPR was monitored and
the extent/degree of truncation (semi and over truncated) was controlled. The transverse
LSPR peaks shift of the AgNPs within the visible region and NIR was finely tuned. Over
truncated (rounded) structure was realized using 543% of silver to silver present in the
AgDeNP seeds with an Ag/Br molar ratio of 1:1.
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3.5 Conclusion
AgPPNPs of different length were obtained with the variation in the amount of added silver
used expressed as a percentage and for each length, there was a specific concentration of the
bromide required. Different length of the AgPPNPs were controlled from 50 nm (shortest) to
128 nm (longest) by varying the percentage of the added silver added from (248 % to 775 %).
In summary, synthesis of AgPPNPs was realized and studied in detail and condition for
synthetic control was successfully established. The role of bromide in the synthesis of
AgPPNPs was established.
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Chapter 4
Silica encapsulation of the 10 at. % gold-plated AgDeNPs to form
silica of different thickness for the formation of metallodielectric
arrays.
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4.1 Introduction
Encapsulation is the process of preparing stable core nanoparticles, which are surrounded by
the porous or non-porous shell and avoids forming large aggregates in the colloidal
solutions.4.1 The core-shell structure has emerged as an important class of functional
nanostructures with potential application in optical nanostructures. The encapsulation
provides an excellent opportunity for enhancing colloidal properties which can be tuned by
carefully controlling the thickness of the outer shell.4.1,4.2 The outer layer particle has
different and contrasting properties compared with a center particle in a core-shell structure.
Several approaches for encapsulation of the metal nanoparticles as core-shell structured
materials has been done in last two decades.4.3,4.4,4.5,4.6 Despite major developments in the
design and fabrication of the metal nanoparticles, the fabrication of the nanoscale
metallodielectric structures still remains a challenge. Synthesis of such materials is of great
importance in the field of nanoplasmonics because of the increasing interest in
metallodielectric

materials

in

photonic

applications

and

as

nanoplasmonics

composites.4.4,4.7,4.8 Plasmon is a collective oscillation of the conduction electrons when an
incident light is applied to the metal nanoparticles surface at a certain frequency in which the
light is highly absorbed and scattered. The strong interactions of the metal nanoparticles at
the metal-core dielectric interface interact with light give rise to LSPR plasmon bands
causing absorption and scattering. Noble metal nanoparticles (gold and silver) exhibit
plasmonic properties4.9 that arise from their LSPR and behave in a different way than the bulk
materials in colloidal solutions.4.10,4.11,4.12,4.13 Silica encapsulation of plasmonic nanoparticles
prevents the LSPR overlap of neighbouring AuNPs to form the plasmonic coupling
(enhancement of local electric field by coupling of localized surface plasmons).4.14,4.15
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Silica encapsulation of the gold nanoparticles is currently one of the growing areas of
research.4.16,4.17,4.18 This is due to the easy control of silica deposition and shell thickness,
chemical

stability, colloidal stability,

low

cost,

optically transparent

and easy

functionalization in a wide variety of the solvents.4.1,4.19,4.20,4.20,4.21 Silica core-shell structures
can be effectively used to alter the nanoparticles size and shape by controlling the thickness
of the deposition of the shell which can affect the functionality of the core nanoparticles and
porosity of the silica.4.22,4.23 Silica provides the flexibility in the shape and size of the
particles that can be prepared by allowing better control of the space between the
encapsulated nanoparticles. Control over the shape and size is of fundamental importance for
catalysis as they can serve as electron transfer in the oxidation - reduction system and
provides a high surface to volume ratio providing a high number of active sites per metal
mass.4.3 The core-shell materials with metal as core are desirable because the outer shell
isolates the catalytically active metal nanoparticles core. The synergistic effect of core-shell
is important to study the catalytic activity, even in extreme conditions.

4.3

Silica particles are

obtained by the hydrolysis of TEOS. One of the most widely used methods for the silica
particle synthesis is the classical method of base-catalyzed hydrolysis of TEOS known as the
Stӧber process. Monodisperse silica particles were generated between 50 nm to 2 µm in
diameter depending on the type of alcohol, concentration of alkoxysilane, ammonia, and
water.4.24 Hartlen et al. in 2008 reported monodisperse silica spheres of size ranging from 15
nm to > 200 nm using lysine.4.25 Coradin et al. in 2002 reported the use of positively charged
polypeptides (polylysine and polyarginine) and negatively charged silica species to generate
silica.4.26
There are various available methods for the silica coating using a layer by layer self-assembly
for preparing new nanocomposite materials.4.1,4.27 Silica coating was also prepared by the
modified Stӧber process by hydrolysis and condensation of TEOS in an ethanol aqueous
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solution of DMA (dimethylamine).4.28 Lu et al. in 2011 demonstrated that introduction of the
silane group 3-(mercaptopropyltrimethoxysilane) facilitates the hydrolysis in water prior to
condensation facilitates effective silica coupling by forming Si-O-Si on metal surface with a
controlled size of mercapto-modified silica spheres ranging from 2 nm to 100 nm by
changing the concentration of the sol-gel solution.4.29 Yuan et al. in 2005 proposed that the
charged polyelectrolyte (PDADMAC and PSS), were adsorbed on the surface of an organic
pigment to allow silica coating using sol-gel process and the thickness of the silica shell was
controlled by varying PVP, pH value, water, and TEOS concentration and could enhance4.30
Roca et al. in 2010 reported how the electrical double layer necessary to equilibrate the
repulsive (electrostatic) and the attractive (van der Waals) forces surrounding the
nanoparticles were important in the citrate-stabilized gold nanoparticles and silica
encapsulation.4.31 Because of the periodicity of the core-shell, the silica encapsulation can be
put to use in metallodielectric applications, such as nanobiosensors,4.32 sensors,4.33 plasmonic
structures,4.34 and solar cells.4.35
Liz Marzán and Philipse were first to report the formation of gold coated silica spheres using
Stӧber hydrolysis for silica coating with a gold core of 2 nm radius and average silica sphere
radius of 28.4 nm.4.20 Later Liz Marzán, Giersig, and Mulvaney reported range of the silica
shell thickness from 10 nm (thin), 45 nm (intermediate) and 83 nm (thick) by controlling the
TEOS concentration and deposition time giving significant result where they used
aminopropyltrimethoxysilane as a coupling agent and using Stӧber hydrolysis for silica
coating.4.21 Liz Marzán and Mulvaney reported silica coating of 15 nm gold nanoparticles
with a core-shell diameter of 225 nm with colloidal stability.4.19 Liz Marzán group were first
to report that the surface plasmon absorption band (SPB) and the refractive index is the
function of silica shell thickness.4.19,4.20,4.21 Ung et al. in 1998 reported that the size and shape
of gold and silver colloids can be tuned by adjusting pH and using a silane coupling agent (370

aminopropyl-trimethoxysilane) as a primer for coating with silica to form a uniform shell
with high monodispersity of 2D or 3D metallodielectric arrays.4.36 Chen et al. in 2011
reported the conformal and isotropic silica coating of the gold nanorods with controllable
silica shell thickness of 6 nm to 75 nm.4.37 Moran et al. in 2004 were first to report the
formation of 1D metallodielectric arrays by grating functionalized with alkanethiols selfassembled monolayers.4.38 Zhang et al. in 2008 reported the formation of the 3D
metallodielectric arrays using spin coupling technique.4.39
Herein, we report a simple, reliable, and reproducible synthetic procedure for the silica
encapsulation of 10 at. % gold-plated AgDeNPs to form a silica shell, SiO2@Au@AgDeNPs
of varying thickness from 45 nm to 310 nm in diameter. The size of the silica encapsulated
nanoparticles was tuned by varying the amount of the silica precursor (TEOS), the
concentration of the base catalyst (NH3) and the reaction time. Polyvinylpyrrolidone (PVP)
was used as a colloidal stabilizer4.44 and isopropanol as solvent. The relative rate of
hydrolysis and condensation of the different parameters was important in determining the
final size of the composites. The ability of the polymer to adsorb on the surface and the
interface of the core metal nanoparticles and the silica surface makes them an excellent
adhesive. Silica shell of varying thickness was important for the formation of
metallodielectric arrays. The metallodielectric arrays with controlled photonic band gap are
used in photonic applications. Silica encapsulation is important for thermal and
photochemical stability.4.16 Due to the susceptibility of silver to become etched or
oxidized,4.40 gold plating of the AgDeNPs4.41

was needed to preserve the plasmonic

properties forming 10 at. % gold-plated AgDeNPs. A gold plating must be applied on
AgDeNPs prior to encapsulation reactions for chemical stability by providing high colloidal
stability even in high ionic strength and the SERS efficiency of 10 at. % gold-plated
AgDeNPs remains very close to AgDeNPs for gold at. % up to 10.4.40 Encapsulation of 10 at.
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% gold-plated AgDeNPs into monodisperse silica shells were performed by the modified
Stӧber process (NH3 catalyzed hydrolytic polycondensation of TEOS). Silica nanoparticles
have a great tendency to form ordered arrays that can be incorporated into encapsulated
SiO2@Au@AgDeNPs to form arrays on films.

Si(OEt)4 + 2H2O →

[ NH3 ]

SiO2 + 4 EtOH

Silica is chemically stable and does not have any effect on the oxidation-reduction reaction.
10 at. % gold-plating of AgDeNPs helps to preserve the plasmonic property of AgDeNPs. It
also protects AgDeNPs from degradation and allows encapsulation using TEOS. TEOS,
which is a source of silica, is a stable charged surface and is an excellent precursor for the
encapsulation of the 10 at. % gold-plated AgDeNPs.4.40

4.2 Experimental section

4.2.1 Reagents

Silver nitrate (99%), sodium citrate tribasic dihydrate (99.5%), sodium borohydride (99.0%),
hydrogen peroxide potassium stannate inhibitor 30–32 wt. %, potassium bromide (99.0%).
Poly (vinylpyrrolidone) (PVP, Mw = 40,000), isopropanol (2-propanol) and ammonium
hydroxide (trace metal) was supplied by Caledon Chemicals (Caledon, Canada). High purity
deionized water (< 18.2 MΩ cm) was produced using a Millipore A10 Milli-Q, TEOS
(tetraethylorthosilicate) reagent grade ≥λλ. 0% (GC) was supplied by Sigma-Aldrich.
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4.2.2 Instrumentation

UV-Vis spectra of the samples were recorded using both an Ocean Optics QE65000 fiberoptic UV-Vis spectrometer and a Cary50 UV-Vis spectrometer (Figure SM-1). EM (TEM
and SEM) imaging was performed with a Hitachi S-5200 using a copper grid with a
formvar/carbon film (FCF-200, Electron Microscopy Science). AgDeNPs were centrifuged
using a Clinical 100 Centrifuge (VWR) (Figure SM-1). KDS100 syringe pump (KDS
scientific) was used for slow and controlled addition of gold sample solution (Figure SM-2 &
Figure SM-3). Light exposure has been performed using a setup of 1-watt 350 mA LEDs
(LEDs Super Bright) powered by a TDC LED driver operating at 350 mA constant current
and a high-intensity metal halide lamp with a blue filter cut-off at 450 nm.

4.2.3 Methodology
In this synthetic procedure, a simple, convenient and effective protocol, was formulated that
can be easily reproduced in the laboratory settings for the synthesis of SiO2@Au@AgDeNPs.
The precursor, AgDeNP seeds and the 10 at. % gold-plated AgDeNPs were synthesized by
using the procedure that was previously developed in our laboratory.4.40,4.41 TEOS was used
as a source of silica (hydrolysis of TEOS gives silica as a product.) Initially, silica coating
was done using cyclohexane and water as a solvent in the presence of arginine but that did
not work. After trying several experiments, it was switched to isopropanol and water. The
logic behind changing the solvent to isopropanol from cyclohexane was because the water
being polar was preferable than cyclohexane which is non-polar. Initially, the amount of
TEOS (tetraethylorthosilicate) used for coating was much more that resulted in the formation
of a gel along with coating. Reducing the amount of TEOS logarithmically started to work
due to less secondary silica. Several experiments were carried out varying one parameter at a
time (water, isopropanol, PVP, TEOS, and NH3) to find out the right combination. The
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resulting silica coatings were found to be stable and consistent. UV-Vis spectra peak position
shift of

max

(518 nm ± 2nm) was observed along with the retained peak intensity, but the

problem of aggregation remained. PVP amount was adjusted to minimize aggregation as a
higher amount of PVP may cause aggregation while very less amount of PVP may be
insufficient for coating. The aggregation might also be due to an imbalance in the ratio of the
amount of the 10 at. % gold-plated AgDeNPs and silica nanoparticles resulting in a poor size
control and polydispersity.

4.2.3.1 Synthesis of silver decahedral nanoparticles (AgDeNPs)
The precursor, AgDeNPs was synthesized using a new-generation synthetic protocol
previously developed in our laboratory.4.41 20.0 mL VWR glass vials were used that were
pre-rinsed with distilled water and with ethyl alcohol and dried prior to use. AgDeNP
synthesis initiated by the preparation of a precursor solution in 20.0 mL glass vial containing
14.00 mL of water with a magnetic stir bar used for constant stirring at 400 rpm. Then the
following reagents were added in the following order: 0.520 mL of 0.050 M sodium citrate,
0.015 mL of 0.050 M PVP (total concentration of the monomer units), 0.050 mL of 0.005 M
L-arginine and 0.400 mL of silver. Finally, 0.200 mL of freshly prepared 0.100 M sodium
borohydride was added that turned the solution to pale yellow first and then after continuous
stirring became bright yellow. Then 0.300 mL of 10.4 M hydrogen peroxide was added to the
sample solution and left for 15 minutes to stir and caps were gently placed on the sample
vials that were then exposed to the royal blue LED (449 nm, 1 mW) for 14 hours.

4.2.3.2 Synthesis of the 10 at. % gold-plated AgDeNPs
The 10 at. % gold-plating of AgDeNPs was produced by the methodology developed
previously in our lab.4.40 Gold-plating was done first by preparing the stock solution of 10 %
HAuCl4 solution. Then 3.00 mL of 10 % HAuCl4 solution required for gold-plating of
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AgDeNPs was withdrawn in a plastic syringe from the stock solution. Then the gold solution
from the syringe was slowly dispensed in the glass vial containing 3.00 mL of AgDeNPs to
be gold-plated with a flow rate of @ 0.250 mL per hour for up to 12 hours using a syringe
pump, along with a constant stirring using magnetic stir bar (Figure SM-2 & Figure SM-3).

4.2.3.3 Synthesis of the silica encapsulated gold-plated silver decahedral nanoparticles
(SiO2@Au@AgDeNPs)
The 10 at. % gold-plating of AgDeNPs, the precursor for the encapsulation, was quantified
prior to the initiation of the silica encapsulation which was done by centrifugation and
concentration and by using the UV-Vis spectroscopy. 4.00 mL of the 10 at. % gold-plated
AgDeNPs was concentrated (as the total volume of the experiment being 4.00 mL) by
centrifugation in a 15.0 mL VWR centrifugation test tube for 25 min @ 5500 rpm. Then the
supernatant was discarded, leaving concentrated 10 at. % gold-plated AgDeNPs.
The total volume of the experiment was kept to 4.00 mL. Depending on the volume of the
precursor, 10 at. % gold-plated AgDeNPs, was used for centrifugation and concentration, and
the total volume of the experiment was scaled-up as per the requirement. For the actual
preparation of the SiO2@Au@AgDeNPs, the following volumes and concentrations of
reagents were used: In 20.0 mL glass vial 1.00 mL of deionized water was added. Then 50.0
µL of 0.005 PVP (0.05 M) was added using (10.0 µL to 100 µL) micropipette. Then 3.00 mL
of isopropanol was added using (1.00 mL to 10.0 mL) micropipette. The concentration of
NH3 used ranges from 0.5 M to 0.8 M (found to be working better than other concentration).
The precursor, the 10 at. % gold-plated AgDeNPs (concentrated), was added that was
obtained after centrifugation. Then, the UV-Vis spectra of the sample were measured just
before the TEOS addition. TEOS was taken from the reagent bottle using a plastic syringe
and sterile needle in the inert condition (in the presence of the Nitrogen or Argon gas) in a
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20.00 mL glass vial (Figure SM-6). Dilution of TEOS was done by using isopropanol as
required. The TEOS amount was adjusted by diluting the TEOS 1/10, 1/100 of the original
amount using the isopropanol and using it logarithmic way. The diluted TEOS was added
drop by drop using micropipette with a constant swirling manually during the synthesis to
avoid any secondary silica that hinders the formation of the arrays. Then the caps were put
tightly on the glass vials during the experiment and sealed with Parafilm that were swirled
manually( 5-6 times swirling was done clockwise with caps) for the proper mixing and left to
react overnight. Time and temperature (room temperature) were recorded. Then the sample
vials were left for 20 hours. Next day, UV-Vis spectrum of the silica samples was measured.
After initial coating for the next silica layer, 4.00 mL of the silica coated sample obtained in
the first step was used as a precursor and then the same steps were followed for the silica
coating as mentioned above. Only the required amount of TEOS was varied. Further
increasing the thickness and to obtain silica encapsulation of different thickness, the
following steps were followed subsequently.
To get the thin silica coating especially for the different lower concentration of ammonia;
concentration of ammonia between 0.50 M to 1.00 M was used. Initially, 50.0 µL (diluted
100×) TEOS was in two divided portions and used and then subsequently lowering the
amount of TEOS until the coating survived. Below 50.0 µL of TEOS (diluted 100) the
coating did not work (The red shift of the

max

peak position the peculiar of gold-plated

AgDeNP (496 nm ± 2nm) was not observed in the UV-Vis spectroscopy). The coated particle
was then cleaned (cleaning was done using anhydrous ethyl alcohol and centrifugation for 25
minutes @5500 rpm). The intensity was measured after every cycle of cleaning to look
whether the intensity is preserved or not using UV-Vis spectroscopy. The thinnest coating
was achieved with silica coating using 50.0 µL (diluted 100) and 0.90 M. (small red shift of
the

max

peak position with retained intensity was observed in the UV-Vis spectroscopy).
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4.3. Characterization
The SiO2@Au@AgDeNPs were characterized by using UV-Visible Vis spectroscopy and
Electron Microscopy both the TEM and the SEM. Samples were cleaned by centrifugation
using anhydrous ethanol and were prepared on the formvar-coated copper grid by dropping
the concentrated drop of SiO2@Au@AgDeNPs sample and let it evaporate.

4.4 Results and Discussion
Deposition of the silica on the metal nanoparticles surface is not a straightforward and easy
process. It requires a clear understanding of the double layer properties of the materials being
coated.4.2 Silica coating of the AuNPs was first reported by Liz Marzán et al. in 1996. They
used aminotrimethoxysilane and grew a silica shell using sodium silicate at pH 8.5 in
water.4.21 PVP was also used in the silica encapsulation of the gold nanoparticles.4.42 Silica
coating of the gold nanoparticles of different thickness by varying the concentration of the
water, ammonia, and TEOS was due to their effect on the ionic strength and electrostatic
repulsion.4.43 The Stӧber process where TEOS is used as a source of silica particles are
associated with the control condensation process along with the hydrolysis. Silica particles
are non-porous and can be chemically modified.4.24 The particles are electrostatically
stabilized by the ionization of the silanol group in ammonia mixture. Colloidal silica (SiO2)
particles in solution are small enough to show the maximum effect of the Brownian motion.
The initial step of the procedure was the AgDeNP synthesis. Then it was followed by the 10
at. % gold-plating of AgDeNPs. Silica coating of the 10 at. % gold-plated AgDeNPs was
done by using TEOS as silica precursor. An experimental work for the silica encapsulation of
the 10 at. % gold-plated AgDeNPs is discussed below with more details.
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4.4.1 Preparation of silver decahedral nanoparticles (AgDeNPs)
AgDeNP synthesis was carried out by the photochemical transformation of the precursor
solution of AgNPs by reducing Ag+ to Ag with NaBH4 and oxidative etching using H2O2
using citrate as charge stabilizer, PVP as a steric stabilizer,4.44 and using arginine as a
photochemical promoter.4.41

4.4.2 Preparation of 10 at. % gold-plated AgDeNPs
The 10 at. % gold-plating of AgDeNPs was carried out following the procedure developed in
our laboratory4.40 where we talk about a simple, easy, straight and reliable synthetic protocol
to significantly improve the stability of AgDeNPs while retaining their advantageous
plasmonic properties.4.40 The reported procedure relies upon slow addition of a gold precursor
to achieving uniform 10 at. % gold-plating of AgDeNPs. The strong and sharp LSPR of
AgDeNPs makes it more advantageous compared to AuNPs for applications in plasmonic
sensing and SERS. The uniform 10 at. % gold-plating of AgDeNPs preserves the shape of
AgDeNPs. The charged particles in the solvent increase the electrostatic stabilization of the
10 at. % gold-plated AgDeNPs. This can be explained by van der Waal force of attraction and
the electrostatic force of repulsion.4.4 The aggregation of the particle and the stability of the
particle in the colloidal solution forming flocculation can be explained by these two forces. In
an electrolyte solvent, when a charged particle is suspended, electrical double layer property
develops and the concentration of the ions surrounding the nanoparticle increases relative to
the solution due to the coulombic force of attraction. This leads to the increase in the electric
field and the ionic strength near the surface of the particle relative to the other parts of the
solution.
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4.4.3 Silica encapsulation of the 10 at. % gold-plated AgDeNPs
Silica encapsulation of the 10 at. % gold-plated AgDeNPs was started with methods
employed earlier in our lab. Cyclohexane and water were used as a solvent in the presence of
arginine that was employed in the previous encapsulation method developed in our
laboratory. An initial attempt to deposit silica on the 10 at. % gold-plated AgDeNPs were not
very successful. The use of cyclohexane (non-polar solvent) as a solvent did not form proper
silica coating so it was switched to ethanol (a polar solvent) and then to isopropanol (a polar
solvent with carbon chain), water, PVP, and TEOS. The logic behind changing the solvent to
isopropanol was that isopropanol being a polar solvent was preferable than the cyclohexane
which is a non-polar solvent.

Figure 4-1. UV-Vis spectra of (1) AgDeNPs (normalized per Ag concentration), (2) the 10 at.
% gold-plated AgDeNPs, and (3) SiO2@Au@AgDeNPs. The inset shows the optical images
of the sample vials of (1) AgDeNPs, (2) the 10 at. % gold-plated AgDeNPs, and (3)
SiO2@Au@AgDeNPs.
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Several experiments were carried out by using water, isopropanol, PVP, TEOS, NH3 and
varying each one parameter at a time for finding the right combination for the best result.
Finally, the procedure for the encapsulation of gold-plated AgDeNPs was optimized that gave
us good results. The first and the most important observation during the silica encapsulation
procedure (Figure 4-1) was the progressive red shift of the SiO2@Au@AgDeNPs while
maintaining the band intensity. UV-Vis spectra clearly indicate that the silica shell was
formed without aggregation (Figure 4-1). The peak shift in the UV-Vis spectra was clearly
observed with the retention of the peak intensity. The monodispersity of the nanoparticle
along with the size was retained.

Figure 4-2. (a), (b), (c) and (d) TEM images of the SiO2@Au@AgDeNPs. (a), (b) and (d)
One stage TEOS addition of 45 µL (100 diluted) at 0.90 M NH3. (c) Two stage TEOS
addition of 45 µL + 35 µL (100 diluted) at 0.9 M NH3. The size/diameter of (a) and (b) is 80
nm, (c) is 130 nm and (d) is 75 nm. The scale bar for (a), (b) and (c) is 500 nm and (d) is 300
nm.
The drop in the peak intensity of the UV-Vis spectra along with the red shift was the
indication of the irreversible aggregation formed of the 10 at. % gold-plated AgDeNPs.
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Figure 4-1 shows the UV-Vis absorption spectra of the (1) AgDeNPs (normalized per Ag
concentration), (2) the 10 at. % gold-plated AgDeNPs and (3) SiO2@Au@AgDeNPs showing
a red-shift from the yellow color of (1) AgDeNPs at the
of (2) the 10 at. % gold-plated AgDeNPs at
SiO2@Au@AgDeNPs at

max

max

max

(475 nm ± 2 nm) to the red color

(496 nm ± 2 nm) to pink color (3) of

(518 nm ± 2nm). The red shift peaks from (1) AgDeNPs, (2)

the 10 at. % gold-plated AgDeNPs with a drop in intensity that was explained by the
dampening of the d-sp hybridization caused by the gold.4.40 Further band broadening or the
red shift from (2) the 10 at. % gold-plated AgDeNPs to (3) SiO2@Au@AgDeNPs was due to
the increase in the refractive index caused due to the increasing scattering of the light by the
silica. Figure 4-2 shows the TEM images of the formation SiO2@Au@AgDeNPs, with the
formation of the ordered arrays. SiO2@Au@AgDeNPs thus obtained were formed uniformly,
indicating their stability with a homogeneous silica shell coating around gold-coated
nanoparticles without secondary seeding.

Figure 4-3. (a), (b), (c), (d) SEM images of the SiO2@Au@AgDeNPs. (a), (b), (c) and (d)
two stage TEOS addition of 45 µL + 25 µL (100 diluted) at 0.9 M NH3. The size/diameter
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of (a), (b), (c) and (d) is 125 nm. The scale bar for (a) is 1 µm, (b) is 500 nm, (c) is 300 nm
(d) is 500 nm.
Figure 4-3 shows the formation of SiO2@Au@AgDeNP arrays of high order in 3D. Figure 43 indicates the probability for the formation of the metallodielectric arrays with the
methodology proposed.
4.4.4 Role of Water
Water have a significant effect on the result of the experiment. At the relatively higher
amount of water, the rate of TEOS hydrolysis was faster and thus more chances of selfnucleation. The result was more of silica spheres formation as compared to the rate of
encapsulation and thus more secondary seeding without encapsulation. At the relatively low
amount of water, the rate of hydrolysis was slower and fewer silica spheres were formed as
compared to the rate of encapsulation. Thus, the amount of water was kept slightly on the
higher side for minimizing secondary silica and to stabilize the silica shell. Also, less amount
of water may cause the silica sphere to shrink.
4.4.5 Role of PVP
Direct coating with the TEOS was not feasible because of the large aggregation of the
uncoated 10 at. % gold-plated AgDeNPs. PVP was introduced in the experiment as it acts as
a colloidal stabilizer 4.44 and plays an important role in the stability of the 10 at. % gold-plated
AgDeNPs. PVP acts as a primer helps in the initial silica coating, thickness and the
morphology of the silica shell. The charge developed on the 10 at. % gold-plated AgDeNPs,
was due to the presence of PVP, that helps to adhere the negatively charged silica on the
positively charged gold surface that results in the silica encapsulation process rapidly until
the charge on the gold surface was neutralized. This can be explained in terms of the affinity
of the 10 at. % gold-plated AgDeNPs surface towards the silica particles arising from the
hydrogen bonding and the electrostatic interaction due to the negative charge on the silica
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surface and the positive charge on the 10 at. % gold-plated surface adsorbed with PVP
molecule. The layer by layer deposition of the silica shell was also possible only because of
the presence of the PVP because PVP serves as a primer which fills up the voids or gaps left
unfilled by the silica which was later replaced by the further silica addition.4.42 When present
in a right amount, PVP may get adsorbed with the 10 at. % gold-plated AgDeNPs and could
provide affinity to the silica. However, if some of the PVP molecules are released from the 10
at. % gold-plated surface which had formed primer may also trigger the formation of the
secondary seeding that may sufficiently shield the coating with TEOS. PVP amount was
reduced (logarithmically) and when used in the right amount helped in increasing the affinity
of the gold-plated AgDeNPs surface towards the silica for the homogeneity of the silica shell.
4.4.6 Role of NH3
NH3 is used as a catalyst, that controls the size of silica shell by varying concentrations of
NH3. The LSPR peak position shift of the silica shell depends on the concentration of NH3.

Figure 4-4. UV-Vis spectra of the LSPR peak position shift of the

max

as a function of (a) 0.5

M NH3, (b) 0.75 M NH3, (c) 1.0 M NH3, (d) 1.25 M NH3, (e) 1.5 M NH3 (f) 1.75 M NH3.
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LSPR peak position shift measured just before the initial mixing of all reactants and after
silica encapsulation kept overnight after the end of the reaction.

Figure 4-5.

max

peak position shift for (a) 0.25 M NH3, (b) 0.5 M NH3, (c) 0.75 M NH3 and

(d) 1.0 M NH3 at different time intervals.

Figure 4-6.

max

peak position shift for (a) 1.25 M NH3, (b) 1.5 M NH3, and (c) 1.75 M NH3 at

different time intervals.
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Figure 4-7. (a)

max

peak position shift as a function of the concentration of ammonia

measured at a different time interval (0 min, 5 min, 10 min, 20 min, 40 min, 80 min and 160
min) after initial mixing of all reactants for silica encapsulation. (b) Total

max

peak position

shifts for different concentration of ammonia.
Figure 4-4 shows UV-Vis spectra of the LSPR peak position shift of the
NH3 concentration. Red-shift of the

max

max

as a function of

was observed with increasing NH3 concentration.

The maximum LSPR peak position shift of the

max

was observed for 1.25 M NH3 and least

for 0.25 M NH3 (Figure 4-5 and Figure 4-6). Figure 4-5 (a), (b), (c) and (d) shows the

max

peak position shift for different ammonia concentration (0.25 M, 0.50 M, 0.75 M, 1.0 M and
Figure 4-6 (a), (b) and (c) shows 1.25 M, 1.5 M, 1.75 M) measured at different time interval.
After 160 minutes of initial mixing

max

peak position remained constant for 320 min, 640

min. The decrease in the LSPR peak position shift of the

max

for 1.50 M NH3 and 1.75 M

NH3 were due to the faster rate of hydrolysis as well as the faster rate of condensation
resulting in less nucleation and more secondary seeding (Figure 4-7) The experiment was
carried out to monitor the LSPR

max

peak position shift as a function ammonia

concentration. The Figure 4-7 (a) shows the comparison of the shift in

max

peak position for

different ammonia concentration (0.25 M, 0.50 M, 0.75 M, 1.0 M, 1.25 M, 1.5 M, 1.75 M)
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measured at different time interval. Figure 4-7 (b) shows the comparison of the total
peak position shift for all different ammonia concentration. The maximum total

max

max

peak

position shift of 28 nm was observed in ammonia concentration of 1.25 M.

Figure 4-8. (a) Normalized UV-Vis spectra of the LSPR peak position shift of the

max

as a

function of 0.25 M NH3 measured at a different time interval (0 min, 5 min, 10 min, 20 min,
40 min, 80 min and 160 min) after initial mixing of all reactants for silica encapsulation. (b)
Zoomed in the figure of the normalized UV-Vis spectra of the LSPR peak position shift of
the

max

as a function of 0.25 M NH3.

Figure 4-8 shows the UV-Vis spectra of the LSPR
time interval. The maximum LSPR
LSPR

max

max

max

shift at 0.25 M NH3 for the different

shift was observed for 1.25 M NH3 and the minimum

shift was observed for 0.25 M NH3 indicating the role of ammonia in controlling

the thickness of the silica shell. The change in the concentration of the NH 3 can be attributed
to the change in the pH value. This can also be explained as the influence of the pH value and
the water concentration. The ideal condition for monodispersity, though, would be to choose,
when the pH value was about 11.0 (0.60 M to 0.80 M NH3), where we found that the coating
was formed with monodispersity and with minimum secondary seeding. At neutral pH, less
silica coating was observed with more secondary silica and at lower pH, the rate of hydrolysis
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was slow and even less coating was seen. As shown in Figure 4-7 (b), the total

max

shift at

NH3 concentration for 0.50 M (21 nm) and 0.75 M (22 nm) were almost like 1.0 M (24 nm)
and 1.25 (28 nm). NH3 concentration up to 1.25 M also gave good results (Figure 4-11).
Minimizing NH3 concentration is recommended as it reduces secondary seeding. The change
in the

max

peak position can be explained in terms of the particle size. The total

max

peak

position shifted is dependent on the aggregate size of the silica particle.
4.4.7 Role of TEOS
The thickness (size/diameter) of SiO2@Au@AgDeNPs was controlled as a function of the
amount of the TEOS added (Figure 4-9). TEOS was added by diluting 1/10, 1/100, ...
(logarithmic way) of the original amount using the isopropanol.

Figure 4-9. UV-Vis spectroscopy of the SiO2@Au@AgDeNPs formed after step by step
TEOS addition and seed used for encapsulation of (1) the 10 at. % gold-plated AgDeNPs. (2)
SiO2@Au@AgDeNP formed after 1st step of addition of 50 µL TEOS (diluted 100),
SiO2@Au@AgDeNP formed after addition of (3) 70 µL TEOS (diluted 100), (4) 80 µL
TEOS (diluted 100), (5) 105 µL TEOS (diluted 100), (6) 130 µL TEOS (diluted 100), (7)
250 µL TEOS (diluted 100) addition in divided portion.
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The diluted TEOS was added drop by drop using micropipette with a constant swirling
manually during the synthesis to avoid any secondary silica that hinders the formation of the
arrays. The volume of TEOS, when added at once, was much higher than the right amount
required for coating. The secondary silica was seen in the TEM images, resulting in a gel-like
coating along with secondary seeding (inhomogeneous coating). Thicker silica shells could
be grown by the addition of the TEOS gradually step by step using the initial coating that was
formed on the precursor seed and then repeating the same coating procedure.
4.4.8 Control of silica shells thickness
The variation of the thickness of the silica shell as a function of the TEOS is explained by the
Figure 4-10.

Figure 4-10. Variation in the thickness of SiO2@Au@AgDeNPs as a function of TEOS.
The coating was found to be consistent, but the problem of aggregation of the 10 at. % goldplated AgDeNPs remained to a certain extent, which was controlled by adjusting the amount
of PVP. The formation of the silica shell on the 10 at. % gold-plated AgDeNPs was carried
out by the hydrolysis of the TEOS. The hydrolysis and the condensation of the TEOS are
dependent on the pH of the colloidal solution in the presence of the PVP as a colloidal
stabilizer.4.43 The trend shows that the thickness increases by increasing the amount of TEOS
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to certain volume and then becomes constant after reaching a certain concentration level and
lack of arrays formations, indicating the formation of the secondary silica. The thickness of
the silica shell was controlled by varying the amount of silica added step-by-step
logarithmically.

Figure

4-11.

EM

images

of

the

SiO2@Au@AgDeNPs

of

different

sizes.

SiO2@Au@AgDeNPs (a) using TEOS (diluted 100) two portion addition of (45 µL +35
µL) with 0.9 M NH3, (b) using TEOS (diluted 10) 35 µL with 1.25 M. NH3, (c) using TEOS
(diluted 10) 35 µL with 1.0 M. NH3 and (d) using TEOS (diluted 100) (35 µL + 70 µL)
with 1.0 M. NH3. The scale bar for (a) and (b) is 200 nm and for (c) and (d) is 500 nm. The
size/diameter of the particle (a) is 80 nm, (b) is 310 nm, (c) is 250 nm and (d) is 125 nm.
Adding TEOS in a single step resulted in a secondary seeding along with the formation of the
distorted arrays that result in the coagulation. This was a key step since it may lead to
uncontrolled silica shell thickness, especially if a small silica shell was formed. The thicker
silica shells were achieved by the step-by-step addition of the TEOS in different time
intervals.
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Figure 4-11 shows the diameters of silica shell (a) 80 nm, (b) 310 nm, (c) 250 nm and (d) 125
nm with the diameter of the 10 at. % gold-plated AgDeNPs being (43 nm ± 2 nm). Our
procedure enabled us in synthesizing the silica layer as thick as 310 nm and as thin as 45 nm
with 43 nm of the gold-plated layer, that almost collapsed upon cleaning as shown in Figure
4-12.

Figure 4-12. UV-Vis spectra of (1) the 10 at. % gold-plating of AgDeNPs before silica
encapsulation, (2) silica encapsulated 10 at. % gold-plating of AgDeNPs using 50 µL TEOS
(diluted 100) at 1.25 M NH3 and (3) silica encapsulated 10 at. % gold-plating of AgDeNPs
sample (2) after cleaning.
Figure 4-12 shows UV-Vis spectra of (1) the 10 at. % gold-plated AgDeNPs before silica
encapsulation, (2) silica encapsulated 10 at. % gold-plated AgDeNPs using 50 µL TEOS
(diluted 100) at 1.25 M NH3 and (3) silica encapsulated sample (2) after cleaning (2).
Thinnest coating of silica shell with (45 nm ± 2 nm) diameter was achieved and (3) the thin
layer formed was too critical to avoid the collapse of the shell during cleaning suggesting it is
the thinnest coating achieved. The coating was confirmed by the Figure 4-12 (2) and after the
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initial step of cleaning (sample and anhydrous ethanol were added to a centrifugation tube
and centrifuged for 25 minutes @ 5500rpm and the supernatant was discarded and then the
UV-Vis spectra were measured). The coating collapsed as shown in Figure 4-12 (3).

Figure 4-13. (a), (b), (c) and (d) TEM images after cleaning of the thinnest coating of the
SiO2@Au@AgDeNPs formed using 50 µL of TEOS (diluted 100) at 1.25 M NH3. The scale
bar for (a) and (b) is 50 nm and for (c) is 150 nm and for (d) is 100 nm.
Figure 4-13 shows the TEM image of the thin coating obtained after cleaning. The role of
PVP here may be attributed to controlling the nucleation of the TEOS during the silica
encapsulation process. The concentration of PVP was critical in the encapsulation procedure
and the aggregation. With TEOS, the silica shell showed steady growth over hours and the
rate of hydrolysis and condensation of TEOS was highly pH dependent. It shows that after
certain time interval when the TEOS had been completely hydrolyzed as the growth curve
becomes constant showing that there was no further reaction. Samples of different batches
were imaged using EM images. The formation of the array was assessed from EM images
and was seen that almost all the samples were consistently encapsulated with the developed
procedure.
91

4.4.9 Silica encapsulation using PSS
Silica encapsulation was also carried out by using PSS, poly (styrene sulphonate sodium salt)
the charged polyelectrolyte as compared to the non-ionized PVP as a colloidal stabilizer.

Figure 4-14. (a), (b), (c) and (d) TEM image of the SiO2@Au@AgDeNPs using PSS using 1
stage TEOS addition 50 µL (diluted 100) at 0.90 M NH3. The scale bar for all images is 500
nm.
PSS was cleaned before using which is done as follows. A certain amount of PSS was taken
and that was completely dissolved into deionized water. Then isopropanol was added and
centrifuged for 25 minutes @ 5500rpm. The supernatant was discarded and the cycle was
repeated for at least three times. Then the PSS was dried inside an oven and can be used for
the synthesis. Silica encapsulation carried out with the PSS, the charged polyelectrolyte, was
found to be similar as compared to regular PVP, that was confirmed from the EM images and
the UV-vis spectra. This experiment was carried out to test the validity of our silica
encapsulation. Figure 4-14 shows that the encapsulation using PSS and the extent of the
coating was good, but not that excellent as compared to the one using PVP. The silica shell
coating was achieved using the step-by-step addition of silica, one at a time with increasing
concentration of the ammonia. This enabled us to achieve the varying thickness of silica shell
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without the secondary seeding. The process of the silica growth takes place on the surface of
the 10 at. % gold-plated AgDeNPs in the colloidal solution. The problem of the aggregation
of the 10 at. % gold-plated AgDeNPs was minimized to a significant extent. The differences
in the wavelength of the LSPR band of the Au@AgDeNPs and the silica shell thickness
SiO2@ Au@AgDeNPs can be extensively used in the bioanalytical assays4.45 and as a
sensor.4.33 Further refining of the developed procedure was needed for the formation of the
metallodielectric arrays in the large scale. For the future prospects, the silica encapsulation
procedure can be used to encapsulate the gold-plated silver pentagonal rod nanoparticles.
4.5 Conclusions
In this chapter, the synthesis of SiO2@Au@AgDeNPs with size/diameter control was
successfully demonstrated. The silica coating was achieved with the variation in the size of
the silica shell by varying the amount of TEOS, the concentration of NH3, the volume of
water and by the amount of the PVP used during the experiment and the reaction time. The
methodology presented in this chapter was consistent, simpler, easier, safer, faster and more
reproducible. Moreover, there was enough evidence that silica encapsulation of the 10 at. %
gold-plated AgDeNPs was achieved by formation of SiO2@Au@AgDeNPs. Silica shells of
different diameters were obtained with high monodispersity and reproducibility. Both the
UV-Vis spectroscopy and the EM images TEM and SEM) shows that size control was
optimized to yield SiO2@Au@AgDeNPs from 45 nm to 310 nm in diameter. Control in
thickness of the silica shell should be useful for the LSPR based sensing thus opening a way
for the formation of the metallodielectric arrays for photonic applications.
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Chapter 5
Achievements and Future Work
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5.1 Achievements
The main achievements in this thesis are summarized as follows:
1. Synthetic conditions for AgDeNPs, 10 at. % gold-plated AgDeNPs and AgPRNPs
were optimized.
2. Synthetic conditions for silver pentagonal prism nanoparticles (AgPPNPs) and the
role of bromide ion in the shape selective synthesis were successfully established in
detail.
3. AgPPNP length control was established from 50 nm to 128 nm by varying amount of
added silver expressed as a percentage.
4. The degree of truncation was monitored by transverse LSPR peak position shift with
varying Ag/Br molar ratio.
5. Silica encapsulation of the gold-plated AgDeNPs (SiO2@Au@AgDeNPs) with
control in size/diameter was established from 45 nm to 310 nm.
5.2 Future work
For the future, the following work is recommended:
1. Some elements of monodisperse or uniform SiO2@Au@AgDeNPs with fcc close
packed structures with ordered arrays were obtained that can be carried forward as
future prospects for the formation of the metallodielectric arrays for the photonic
applications.
2. Future research prospects may include the transformation of the AgDeNPs into
elongated pentagonal pyramids (semi-truncated structures or house like structures)
with precise shape control by figuring out the right Ag/Br molar ratio.
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Supplementary Information

2.1 Supplementary Images (Chapter 2)

Figure S-1. UV-Vis spectra of the different at. % of gold-plated AgDeNPs.

Figure S-2. UV-Vis spectra of the 10 at. % gold-plated AgDeNPs with different amount of
peroxide.
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Figure S-3. UV-Vis spectra of photochemical regrowth of AgDeNP using varying amounts of
poly (4-styrenesulphonic co-maleic acid (PSS-co-MA) to silver i.e., the different molar
concentration of (Ag: PSS-co-MA) ratio.

3.1 Supplementary Table S-2 (a) (pentagonal prisms) (Chapter 3)
Experimental results summary of the effect of Ag/Br molar ratio on shape transformation
from AgDeNPs to AgPRNPs (control) to AgPPNPs, semi and over truncated structure
% of Ag+
(added)

Width of
AgPPNPs
(nm)
39

Molar Ratio
(Ag/Br)

620 %

Length of
AgPPNPs
(nm)
95

50: 1

543 %

95

39

620 %

95

543 %

LSPR

Corresponding
EM images

Sample

428

LSPR
longitudinal
(nm)
698

S-7 (d)

TE 84

76: 1

425

685

S-9 (b)

TF 268

39

55: 1

424

735

S-9 (a)

TE 207

90

37

90: 1

426

680

S-9 (c)

TE708

543 %

92

39

140: 1

414

687

S-5 (a), S-5 (b)

TF255

543 %

90

38

100:1

407

685

S-5 (e)

TE 605

775 %

124

39

100: 1

428

804

S-5 (b)

TF165

543 %

62

36

1: 1

397

527

S-6 (a)

TF 257

620 %

88

39

30: 1

399

634

S-6 (b)

TE 460

775 %

95

39

50: 1

428

672

S-6 (d)

TE 983

transverse(nm)
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3.2 Supplementary Table S-2(b) (pentagonal prisms) (Chapter 3)
Summary of the experimental results of the effect of Ag/Br molar ratio on shape
transformation from AgDeNPs to AgPRNPs (control) to AgPPNPs, semi and over truncated
structure
% of Ag+
added)
620 %

Length of
AgPPNPs
(nm)
91

Width of
AgPPNPs
(nm)
38

Molar Ratio
(Ag/Br)
15: 1

248 %

52

40

248 %

52

248 %

LSPR

Corresponding
EM images

Sample

399

LSPR
longitudinal
(nm)
640

S-6 (c)

TE 417

30: 1

432

490

S-8 (c)

TF 666

40

60: 1

432

490

S-8 (d)

TF 679

52

40

100: 1

432

490

S-8 (b)

TF 682

248 %

55

40

40:1

421

493

S-8 (a)

TF 667

543 %

90

39

(76:1) #

415

711

TF 448

543 %

90

39

(40:1) #

422

586

S-11 (c), S-11
(d)
S-11 (a)

543 %

90

39

(200:1) #

408

708

S-11 (b)

TF 449

775 %

128

38

90: 1

427

834

S-10 (a)

TF 333

775 %

125

40

100: 1

428

817

S-10 (b)

TF162

775 %

128

38

90: 1

427

834

S-10 (c)

TF271

775 %

124

40

90:1

428

841

TF 685

543 %

94

39

76:1

428

678

S-10 (d). S4,2(a)
S-7 (c), S-7 (d)

543 %

55

40

76:1

430

680

S-7 (a)

TF 25

543 %

95

39

72.5: 1

428

672

S-7 (b)

TE 734

543 %

75

40

4: 1

394

552

S-5 (f)

TF 259

620 %

82

40

5: 1

396

617

S-5 (c)

TF 202

465 %

80

39

50: 1

425

610

S-5 (d)

TI 793

465 %

65

37

(6.25:1) X=Cl

407

541

S-12 (b)

TI 381

465 %

70

39

(7.82:1) X=Cl

406

603

S-12 (c)

TI 386

465 %

58

36

(6.25:1) X= I

410

490

S-12 (a) (d)

TI 787

775 %

121

39

*Control

405

810

S-4, 1-(b)

TF 163

543 %

95

40

Control

408

690

S-4, 1-(a)

TI 777

543 %

92

40

76.5: 1

430

670

S-4, 2-(b)

TE 882

transverse(nm)
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TF 437

TF 10

3.3 Supplementary Figures (Chapter 3)

Figure S-4. (A) UV-Vis spectra of the (1) AgPRNPs (no bromide or control) and (2)
AgPPNPs (using Br¯ ). (B) Schematics (1) and (2) on the top of the right side represents the
corresponding shapes. The EM images on the right side represents AgPRNPs (no bromide)
(1) (a) and (b), and AgPPNPs (2) (a) Ag/Br molar ratio of (90:1) and (b) Ag/Br molar ratio of
(76.5:1). Scale bar for (a) and (b) is 500 nm and for (c) and (d) is 100 nm. Refer to table S1
for more detailed sample descriptions.
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Figure S-5. SEM images of top view of the (a) semi-truncated with Ag: Br (140 :1), SEM
images of (b) semi-truncated with Ag: Br (80:1), (c) TEM images of over-truncated with Ag:
Br (5:1), (d)TEM image of semi-truncated with Ag/Br (50:1), (e) TEM images of house with
Ag: Br (140:1, and (f) TEM images of over-truncated with Ag: Br (4:1). Scale bar for all
images is 100 nm. Refer to table S1 for more detailed sample descriptions.

Figure S-6. TEM images of the pentagonal prisms with varying Ag/Br ratio for (a) (1:1), (b)
(30:1), (c) (15:1) and (d) (50:1). The scale bar for all images is 100 nm. Refer to table S1 for
more detailed sample descriptions.
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Figure S-7. TEM images of the pentagonal prisms with 543 %, of silver relative to AgDeNP
seeds with varying Ag/Br ratio for (a) (76:1), (b) (72.5:1), (c) (76:1) and (d) (50:1). The scale
bar for all images is 100 nm. Refer to table S1 for more detailed sample descriptions.

Figure S-8. TEM images of the pentagonal prisms with 248 %, of silver relative to AgDeNP
seeds with varying Ag/Br ratio for (a) (40:1), (b) (100:1), (c) (30:1) and (d) (60:1). The scale
bar for all images is 100 nm. Refer to table S1 for more detailed sample descriptions.

106

Figure S-9. TEM images of the pentagonal prisms showing medium AgPPNPs with 543 %,
of silver relative to AgDeNP seeds with varying Ag/Br ratio (a) (80:1) 95 nm, (b) (76:1) 95
nm, (c) (90:1) 90 nm and (d) (76:1) 94 nm in length. The scale bar for all images is 100 nm.
Refer to table S1 for more detailed sample descriptions.

Figure S-10. TEM images of the pentagonal prisms with 775 %, of silver relative to AgDeNP
seeds with varying Ag/Br ratio for (a), (b), (c) and (d) is (90:1). The scale bar for all images is
100 nm. Refer to table S1 for more detailed sample descriptions.
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Figure S-11. EM images with 543 %, of silver relative to AgDeNP seeds with varying Ag/Br
using CTAB ratio for (a) (80:1), (b) (76:1), (c) (90:1) & (d) (76:1) (a), (b), (c), and (d) using
CTAB. The scale bar for (a) (b) and (d) is 100 nm, (c) is 500 nm. Refer to table S1 for more
detailed sample descriptions.

Figure S-12. TEM images with 465 %, of silver relative to AgDeNP seeds with varying Ag/I
(a) (70:1) and (d) (70:1), (b) with Ag/Cl (6.5:1) and (c) with and Ag/Cl (7.82:1). The scale
bar for all images is 100 nm. Refer to table S1 for more detailed sample descriptions.

108

Figure S-13. UV-Vis spectra of the pentagonal prisms with bromide variation ranging from
Ag/Br molar ratio of 72.5:1 to 120:1 with 543 % of silver relative to the silver present in the
AgDeNP seeds.

Figure S-14. Dependence of the maxima of transverse LSPR ( -transverse) on the peak
position shift of AgPPNPs and semi-truncated and over-truncated AgPPNPs (different degree
of truncation) as a function of Br/Ag ratio.
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4.1 Supplementary Images (Chapter 4)

Figure S-15. TEM images of the SiO2@Au@AgDeNPs. The scale bar for (a) is 150 nm, (b)
is 200 nm, (c) and (d) is 250 nm.

Figure S-16. (a), (b), (c) and (d) EM image of the SiO2@Au@AgDeNPs. The scale bar for
(a), (b) and (c) is 500 nm and (d) is 2.5 µm.
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4.2 Supplementary Table S-3: Different sizes of SiO2@Au@AgDeNPs (Chapter 4).

Sample

TEOS(10X)
(µL)

Absorbance
(real)

AgDeNPs
(nm)

Au@AgDeNPs
(nm) ----- (1)

SiO2@Au@AgDeNPs
(nm) --------- (2)

(nm)
(2) - (1)

[NH3]

TE 299

35

0.44

474

495

515

20

2.0 M

TE338

35+ 70

0.48

479

497

519

22

1.0 M

TE339

35+70

0.46

479

497

522

25

1.25 M

TE296

35

0.46

474

497

514

17

0.55 M

TE267

35

0.44

475

496

515

19

0.55 M

TE268

35+70

0.36

475

496

515

19

1.0 M

TE269

35+140

0.16

475

496

515

19

1.5 M

TD934

100

0.49

473

492

508

16

0.55 M

TE 553

35

0.47

475

498

518

20

1.0 M

TE 554

35 + 35

0.48

475

499

519

20

1.0 M

TE555

35 + 50

0.47

475

496

516

20

1.0 M

TE576

35

0.44

475

497

520

23

1.0 M

TE577

35 + 70

0.45

475

496

519

23

1.0 M

TE578

35 + 100

0.46

475

493

518

25

1.0 M

TE579

25

0.48

475

496

518

22

1.0 M

TE580

25 + 50

0.46

475

496

517

21

1.0 M

TE581

25 + 75

0.47

475

495

516

21

1.0 M

TE556

35

0.47

475

498

519

21

1.25 M

TE557

35 + 35

0.45

475

497

517

20

1.25 M

TE558

35 + 50

0.46

475

496

518

22

1.25 M

TE582

25

0.47

475

495

517

22

1.25 M

TE583

25 + 50

0.48

475

495

517

22

1.25 M

TE584

25 + 75

0.46

475

493

517

24

1.25 M

TE585

35

0.45

475

495

517

22

0.55 M

TE586

35 + 70

0.44

475

495

519

24

0.55 M

TE587

35 + 140

0.44

475

497

516

19

0.55 M
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Supplementary Images (Miscellaneous)

5.1 (Experimental settings and Instrumentations)

Figure SM-1. (a) Heidolph MR 3004 safety hot plate, (b) UV-Vis Spectroscopy, (c) VWRClinical 100 centrifuge, and (d) Thermo scientific Sorvall Legend Micro 21 microcentrifuge.
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Figure SM-2. Experimental settings for gold plating of AgDeNPs, (a) tweezers, (b) piercing
of cap, (c) cap with hole, (d) syringe and tubing, (e) syringe with tubing, (f) syringe with
tubing and hose, (g) syringe and cap ready for use, (h) and (i) experimental settings showing
gold plating with syringe pump on left and stir plate on right.

Figure SM-3. Schematic representation of the gold plating of “as is” AgDeNPs
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Figure SM-4. (a) VWR stir hot plate, (b) syringe pump, (c) VWR clinical test tube and (d)
AgDeNPs samples covered by aluminum foil exposed under royal blue LED (449 nm or 1
W) light.

Figure SM-5. (a) 20 mL disposable scintillation vials, (b) 20 mL disposable scintillation vials
cleaned by deionized water and ethanol and dried in the oven, (c) Cole-Parmer tubing, and
(d) Cole-Parmer# 18-AWG thin wall tubing.
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Figure SM-6. (a) TEOS was taken from the reagent bottle using a plastic syringe and sterile
needle in the inert condition (in the presence of the nitrogen or argon gas) (b) samples of
AgDeNPs, (c) samples of the 10 at. % gold-plated AgDeNPs, (d) samples of
SiO2@Au@AgDeNPs.
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5.2 UV-vis spectra showing rainbow of AgPRNPs by varying H2O2 concentration and
keeping silver constant without PVP

Figure SM-7. UV-Vis spectra of the AgPRNPs prepared with varying H2O2 concentration.
Varying the concentration of the peroxide, different length of the rods was obtained keeping
silver constant. This was due to the reason that peroxide kills most of the seeds and the rods
of different length was obtained, higher the concentration of the peroxide longer was the rod
length. But the real question was whether this will work in the preparation of the boxes using
bromide as bromide may hinder the effect of the peroxide seen in the rod preparation.

5.3 The 10 at. % gold-plated AgDeNPs plating with AgDeNPs of different ages
The UV-Vis spectra of the gold plating of AgDeNPs of a different age that was carried out to
understand the difference in the intensity and the peak position of the
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max.

Figure SM-8. UV-Vis spectra of the 10 at. % gold-plated AgDeNPs prepared with different
aged AgDeNPs.
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